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THF tetrahydrofuran 

NP Nanoparticle 

NF Nanofiber 

NS Nanosheet 

r.p.m. rotation per minutes 

HOPG Highly Oriented Pyrilytic Graphite 

TBDPS t-butyldiphenylsilyl 
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ĀüĀýQÎ÷

� ēŧ9ćͦ8ŧĺ2�L�ēŧ˻9�ēŧĢǇPƒC6ǸL 32Ȇ#�ùţPćͦ%L 3�

2�L�)8Ōʤ35L8�īǖēŧ2�L�īǖēŧ8šBK9�½�Jã� 200Ɵă8 3,�
Friedrich Wöhler6ILƄˠ8īǖG Adolph Wilhelm Hermann Kolbe6ILͺͼ8īǖ6I.1�ʒ
Ĵ8ĉPÝK&3FȠɄùţP¼Ƒʠ6ÐKø% 3�ħ˾2�L 3�̯Ȑ"M+�)8ƽ�ù

ȱēŧGʅʍēŧ�΀ţēŧ8ʞƆ33F6īǖēŧ9Î˛ē"M�îȠ˨īPƒC6ǸL 3�

ħ˾35.+�)#1�ēŧ˻9îȠ˨ī,�25��ùţΎ6ä�ΥîȠ˨īPF̂Ń6ÿ˚%

L 3Pʥǧ#šE+�1978Ɵ�J.-M. Lehn6I.1ΥîȠ˨ī8ēŧ2�L͍ùţēŧ�ǰĹ"
M+ 1� 
� ͍ùţēŧ9�ùţP͍�Lēŧ2�L 1,2�ùţ�̂ʞʠ6Νī#�Ęäʠ6Ʉ˾%L 32�

ęʈ8ùţ69ǖ#ƿ5�̞Ξ5ȾͦGɄ˾�ćʞ"ML�ùţ8̂ƕΝī69ɔˠ˨īGΤ΢ʧ

¶Ðʔ�van der Waalsĉ3�.+ɑ͕ʠư�ΥîȠ˨īǋ8ùţΎʧ¶Ðʔ�þʔ"ML�#+�
.1�ùţ8̂ƕΝī6I.1ƴǖ"ML͍ùţ9�ùţĬŔ8ΟīΝǿ6ʖȭ%Lďʠ5ǋ͊P

Ƞ#1�L� 
� B+�ùţ8̂ƕΝīĜƕ˦˴ē3�.+ʋ́9�ʒĴùţgit�8¨Ǆʠ5ƹĆPǣ.1

�L 3�Ó�:�˿͊̀G+Q;�͊�ȵͼ3�.+̞Ξ�/θƥ6ʿƢē"M+ȾͦÎ9ʒĴù

ţgit�8�+L3 N6ťŃ%L� MJ8ȾͦÎ9�ùţ�̂ƕΝī%L 36I.1Ⱦ˔

"ML�"J6�ŗȁ8ùţGȾͦÎ�̂ƕ˦˴ē%L 32�ʧ¶6ƷΩ#ī�git��Ⱦ˔

"M�ʺʾʠ3F��LʒĴʋ́�ʞʋ%L� �#+̤ɼ�J˺�L3�ʒĴ9ˇȻ8͍ùţg

it�3̨�L,N�� 
� ʒĴùţgit��͍ùţēŧ6¤�+ƷΩ9̩KʭM5��ēŧ˻9�ʒĴùţgit��J

ȁŗ�8ʪǐPƿ1�̞ Ξ5ȾͦGɄ˾8ʞʋP̱C1�+ 1,2,4-10�5�2F�ùţ8̂ƕΝī6I

.1̂ʞʠ6ƴǖ"ML͍ùţΝīÎ9�ΥƜ6̅Ĳɨ�ʰˇź́8�/2�L�͍ùţΝīÎ8

Ⱦͦ9�)MPȾǖ%Lùţ8ùţȾͦ6I.1ɘů"ML�#+�.1�īǖēŧʠǜɟPF-

��ùţΎʧ¶Ðʔ8͏ΟG̥ƥP̬̩%L 32�ȿ�5Ⱦͦ8͍ùţΝīÎ�Ⱦ˔ħ˾2�L�

ùţ8̂ƕΝīĜƕ˦˴ēPF-�+͍ùţΝīÎ8Ⱦ˔9�B"6�ùţ���8x|t_|

�h�3̨�L� 
� ēŧ˻9� MB2ȁŗ�8͍ùţΝīÎ�̨O:�¼Ƒ͍ùţgit�PȾ˔#1�+�#�

#5�J�¼Ƒ͍ùţgit�3ʒĴùţgit�8Ύ69�̞Ξ"GɄ˾ǋ3�.+̤ɼ�J�

Ȧ,ř�5Θ+K��L� 8Θ+K9�Î4 �JȭL8,N��ςÓ�:�+Q;�͊8θɇ

Ⱦͦ�ͻˠɣǋ548Ʉ˾6ŵǭ5ΏOKPF/ 36ΊCL3�)M*M8ȾͦÎ8ƴǖ�[y

j�6/�1ò˺%L 39ΥƜ6;̠2�L�) 2�ȾͦÎƴǖ8�[yj�3��̤ɼ�J�

¼Ƒ͍ùţgit�3ʒĴùţgit�8Θ+KPǬL� 
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Āüāý�KÔ�@ŹŻƃƚƭÔ�@ë/	÷

� ͍ùţΝīÎ9�ɔˠ˨īGΤ΢ʧ¶Ðʔ�van der Waalsĉ3�.+ΥîȠ˨īǋ8ùţΎʧ¶
Ðʔ6I.1Ⱦ˔"ML 1,2� MJ8ùţΎʧ¶ÐʔPùţ̻ʠ6̬̩%L 32�ȿ�5ȾͦÎ

PȾ˔%L 3�ħ˾2�L�͍ùţΝīÎ8ƴǖͬ˃9��̈ʠ6ħ͠2�L�%5O-�ùţ

9Νī3̦ΟP˵K͜#5�J�ʁĉŧʠ6ȞFŪů5͍ùţΝīÎPƴǖ%L�Ȩ̻ȃ29�ù

ţĬŔ�ùţΎʧ¶Ðʔ6I.1 1 ɇç6͹û#+͍ùţΝīÎ2�L͍ùţ����6ʪʥ#
+ 9,10�ƽ͝%LI�6�͍ ùţ����8ƴǖ�[yj�9�ʒÎñ6ťŃ%LS_q�8;ī�

[yj�G+Q;�͊8÷ΝÎ2�LS��Uwˮˬ8əʪ�[yj�6ΰËǋPF/ 10-12�#+

�.1�¼Ƒ͍ùţgit�3ʒĴùţgit�8ͮ�PȐʴ6ɺKø% 3�ħ˾2�L3˺�

+� 
 
ĀüāüĀýÔ�@ƗƟƘƥŘ=nň÷ ÷

� θùţ3��:�iq��G��Um���3�.+�|��ùţĬŔ�îȠ˨ī2ͧ˨"M+

Ɠř5ùţ�Ŵȑ6ͧǐ"ML�Staudinger J6I.1ǰĹ"M+θùţ̷9�½ȋ�Ƴɿ8 3
3#1ĥ�ëMJM1�L�ɋĨPͰL3�θùţ(îȠ˨ī)̷�ǰĹ"M+ 1920ƟΫ�θùţ9
Íùţ8ÇīÎ2�L3��Íùţ̷(�k�̷)�©ɤ2�.+ 13�Íùţ̷6IM:�k���

iGd��u���6Ώ#1F�θùţ9ŌȨʠ69ùţ�ŗȁÇī#1�L6ͬ�5�3˺�J

M1�+�)8ƽ�ȿ�5Űζ˨ȴ�Jθùţ9îȠ˨ī6I.1�|��ùţ�ͧ˨#+Ɠřù

ţ2�L 3�̯Ȑ"M+�Ȟ˥ʠ69θùţîȠ˨ī̷�đþPģE+3̨�L��  

 
5 ĀüāüĀý÷ĖħĪİ Šŗşőœ81Ŋţŏq�ŘÔ�@ƗƟƘƥĀă÷

�

 
 

5 Āüāüāý÷ėħīĬħĳ Šŗşőœô�@¢ŖdŢÀŁťōŢŉŕŅ¦ŊţŏÔ�@ƗƟƘƥĈûĀÿûĀĄüĀĆ÷

Lehn et al.

Meijer et al.
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� #�#5�J�′Ɵ65.1�ùţ΀�ř��5�1Fθùţ8I�6ǩL̆�ʅ͊�ōı"M

LI�65.+�͍ùţ����2�L 9,10�͍ùţ����9�Τ΢ʧ¶ÐʔGɔˠ˨ī�π- πi
or]�`ʧ¶Ðʔ�van der Waalsĉ3�.+ΥîȠ˨īǋ8ʧ¶Ðʔ6I.1�|��ùţ�ͧ
˨"M+ 1 ɇç8͍ùţΝīÎ2�L 10�͍ùţ����8Ȟü8ōı9�1990 Ɵ�Lehn J6I
.15"M+(ŀ 1-2-1) 14�LehnJ9�ùţñ6 2/8ùţΎʧ¶Ðʔ�yrvPžë%L 32�
ùţ8̂ƕΝī6É�θùţ8I�5͍ùţΝīÎ�ƴǖ"ML8295��3Ã̷Pˉ1�)M

PŰ̯#+�)8ƽ�MeijerJ6I.1�ŗɼ8ɔˠ˨īƴǖ�yrv6IKͧ˨"M+͍ùţ�
�����BL2θùţ8I�6�θùţΈ8˩Cī�6ʖȭ#+ǋ͊Pʸ% 3�ȐJ�3"M

+(ŀ 1-2-2) 9,10,15,16�"J6�͍ùţ����PF-�+ʁħŏǋƲǋȪȄ8ÐǖFħ˾2�L 3

�ōı"M1�L 17� 8I�6�͍ùţ����9ſùţ�Jƴǖ"ML6F��OJ&�θù

ţ8I�6ǩL̆�̅Ĳɨ�ʅ͊˸2�L�"J6�͍ùţ����9θùţʠ5ǋ͊PȠ%L,

�25��ΥîȠ˨ī6ʖȭ#+�eU_�ǋĜƕÚǁǋ3�.+ďʠ5ǋ͊Pð7á�+ιĉ

ʠ5ɇ¥ÁȪȄ3#1Ȥƻ"M1�L 9,10� 
 

 
 

5 ĀüāüĂýÔ�@ƗƟƘƥťŞŐŁŏ �umŘ�Ä Ĉû÷Āć÷

 
� ͍ùţ����6Ώ%LüȤ8ʰˇ9�Ʉ˾8΍ǥ6;ɼ�˶�M+�Meijer, Schenning J9�
ʚ5LʞểPʸ%πîƹùţ6ɔˠ˨ī�yrvPžë#+˄�8�|��Pīǖ#+(ŀ 1-2-
3)18� MJ8�|��ùţPɳɧ¨2ɪī%L3���p�6͍ùţ;ī%L� 83���|�

�8ɪīɑPŕ�L 32�ɳɧ¨3�T��ʇǓ2ʟ̉ʞêPʸ%͍ùţ����PÐKø% 

3�ħ˾2�L�̅Ĳɨ� 36��T��ʇǓ6��1F�͍ùţ����6ʧùΟ9̤ɯ"M

&�ɳɧ¨IKFX{�^�ˁďĎʊ�¡Ȏ%L 3�ʸ"M+�#+�.1�θùţȪȄ8I�

6ʚ5LθùţPɪī%L 32ʒ$LʧùΟPɓ6%Lǅ̠95��͍ ùţ;ī6Ō0�ǜɟP

F-�L 32�ɑ͕ʠŴȑ6æM+Ʉ˾PǦ/ȪȄPÐǖ2�Lħ˾ǋ�ʸĸ"M+ 18� 
�  
 

Meijer, Schenning et al.
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ĀüāüāýÔ�@á/Řƛůƈżƚ÷

� ͍ùţ����8ιĉʠ5Ʉ˾�ŗȁōı"ML�ȇ�͍ ùţ����8;ī�[yj�6/�

1ʍ̦�ɨB.1�+89ɑ͕ʠȞ′8 32�L�͍ùţ����9�ΥîȠ˨īǋ8ùţΎʧ

¶Ðʔ6I.1ƴǖ"ML+E�͍ùţ;ī9ħ͠2�L�@3Q48Ŏī�͍ùţ;ī9ʁĉŧ

ǹ͹¢6�K�ùţ�Νī%L3�8˧͑9Ȟ˥ʠ5˨ȴ6ƷΩ#5� 10�#+�.1��|��

ùţ9ħ͠5;ī�̦;īP˵K͜#5�Jʁĉŧʠ6ȞFŪů5ʇǓ>̐-ʪ��′Ɵ�͍ùţ

����8ƴǖ�[yj�9�©6 2 /8ʁĉŧ�u��J̷Ȑħ˾2�L 3�O�.1�+
10,19,20��/9 isodesmic �u��F��/9 cooperative �u�(ȵƴǖ-Ê΋�u�)2�L(ŀ 1-2-
4)�)M*M8ʁĉŧ�u�6/�1Ƚ̤%L��

 
5 Āüāüăý÷ Ô�@ƗƟƘƥŘV`ƛůƈżƚøģùīĴıĦħĴįīĥ ƜƄƠøĤùĥııĲħĳģĵīĶħ ƜƄƠý÷

 
 

Żűƥƚ ĀüĀý÷ēĴıĦħĴįīĥ ƜƄƠ Āÿ÷

� � � � � � �  

 
 
5 ĀüāüĄý÷ēĴıĦħĴįīĥ ƜƄƠ÷ øģùīĴıĦħĴįīĥ ƜƄƠŗŃňŢÔ�@á/ŘŬƉƠŲƥ5÷ øĤù���&� ĕčĝŗGōŢ

á/RŘŴƞƐ Āÿý÷

a

b
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� isodesmic�u�9��|���Jµ΀Î� ΀Î�3ǖ΋#1��ɎΗ2�%?18ƞ̚ůȁ K
�ˏ#�3Ãů"M+ʁĉŧ�u�2�L(i]�� 1-1, ŀ 1-2-5) 10,19�/BK�͍ùţ;ī6É�

͍ùţ����8ĢǇǋ6ŕē�ʒ$5��u�3̨�L�θùţ8;īĢǇ6Ƴ19E1˺�L

3�isodesmic �u�9 Flory 8ʍ̻6ƾ�ħ͠ʠ5͢ɇʠ;īĢǇ3C5% 3�2�L 10,13�B

+�isodesmic�u�6��1�͍ ùţ����8;īƥ9ɹƥGɮƥ6ź#1g`�Uwņ8ŕē

Pʸ%(ŀ 1(2(5)� 
 

Żűƥƚ Āüāý÷ĥııĲħĳģĵīĶħ ƜƄƠ Āÿ÷

� � � � � � � � � �  
 

 
 
5 Āüāüąý÷ĥııĲħĳģĵīĶħ ƜƄƠ÷ øģùĥııĲħĳģĵīĶħ ƜƄƠŗŃňŢÔ�@á/ŘŬƉƠŲƥ5÷ øĤù���&� ĕčĝŗG

ōŢá/RŘŴƞƐ Āÿ÷

 
� �ȇ�cooperative�u�9�ȵƴǖ-Ê΋�u�3Fĳ:M�͍ùţ;ī6ȵƴǖͬ˃3Ê΋ͬ˃
8 2 /8ͬ˃P˺ǔ#+ʁĉŧ�u�2�L 10,20� 8 3�J�cooperative �u�9˨ȗēʍ̻
G+Q;�͊8÷ΝÎ2�LS��Uwˮˬ8ƴǖ�[yj�5438ΰËǋ�ǧǴ"M1�L
10,11,12�i]�� 1-23ŀ 1-2-6a69�ȵ�µ΀Î2�LŎī8͍ùţ;īͬ˃Pʸ#+�cooperative
�u�6��1�ȵƴǖͬ˃9̂ʖX{�^�ʠ6£þ5ͬ˃2�L��ȇ�Ê΋ͬ˃9̂ʖX{

�^�ʠ6Ƞþ5ͬ˃2�K�ȵƴǖͬ˃(K2)3Ê΋ͬ˃(K)8ƞ̚ůȁ8ř�"Pɑ?L3 K2<<K
2�L�B+�cooperative�u�6��L͍ùţ����8;īƥPɹƥGɮƥ6ź#1��rv
%L3�Υg`�Uwņ8ŕē�̤ɯ"ML(ŀ 1-2-6b)�#+�.1�Űζʠ69ɮƥGɹƥ6ź
%L͍ùţ����8;īƥŕēPɑ͕%L 32�isodesmic �u�3 cooperative �u�PĔý
%L 3�ħ˾2�L� 
� ͍ùţ;ī6��L cooperative�u�9�ɑ͕ʠȆ#�ʁĉŧ�u�2�L�cooperative�u�
8ʴˉ69�MooreJ 20�Meijer, van der SchootJ 21�Goldstein, Stryer22J8̈́ʉ�ʆ6ř���ʆ

ˎ%?�9�Oosawa, Kasai J�ōı#+S_q��T���v8ƴǖͬ˃6Ώ%Léδʠ5�u
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�2�L 23�͍ùţ;ī8ʁĉŧ�u�2�L cooperative �u��ʴˉ"ML 40 ƟÂ¡Fă6�
ʒʅʅʍŧ8ùͿ2éδʠ5ʰˇ�5"M1�+ 39ΥƜ6̅Ĳɨ� 24� 
� Â¡8 3PB3EL3�͍ ùţ����8ƴǖ9©6ʁĉŧʠǹ͹¢6�L3̨�L�"J6�

͍ùţ;ī9�isodesmic�u�F#�9 cooerative�u�84-J�2̫͝ħ˾2�L� MJP
͒B��ʒĴùţgit�PȽ̤%L� 
 
÷

ĀüĂý�2�@ŹŻƃƚŗŃňŢ�@Ř¿Në/Ƥ¿N³»%÷

� ʒÎùţ8̂ƕΝīĜƕ˦˴ē9�+Q;�͊G DNA 3�.+̞Ξ�/˚ŵ5ȾͦÎPȾ˔
%L+E6Ɇ�% 382�5�Ƚǈ2�L�Ó�:�+Q;�͊8θɇȾͦ9�ͻˠɣǋ548

Ʉ˾3ŵ6ΏÖ#1�L�+Q;�͊8I�5ΥƜ6̞Ξ5ȾͦÎPȾ˔%L+E69��Î4Q

5[�_��ǅ̠58,N���)8[�_�8�/�ͥƥ̻2�L�¼Ƒ͍ùţgit�39ʚ

5K�ʒÎùţgit�6��Lùţ8̂ƕΝī9ͥƥ̻ʠ5ǹ͹¢6�L 24-30� 
÷

ĀüĂüĀýƗƟƕƒƁƆåŘƐŭƥƠƄũƣŴƛůƈżƚ÷

� +Q;�͊9�ʦΈʇ8����qwΈ��Y��uT�`%L 32ƴǖ"ML 25�����

qwΈ8�Y��uT�`9�ùţñ6��LΥîȠ˨īǋ8ʧ¶ÐʔPδďĉ3#1̘OML 25�

Ȟ˥ʠ6ƴǖ"ML+Q;�͊8Ⱦͦ9�����qwΈñ8S�|ͼ͹û6I.1ɘů"ML�

  2;̠5 39�����qwΈ9ŗȁ8S�|ͼ�˨ī%L 32ƴǖ"M1�L+E�)

M*M8S�|ͼ�ĤKƿL͹Ʀ9ŗȁťŃ%L3��ɼ2�L�Ó�:�100Ü8S�|ͼɍŌ
�J5L����qw8Ŏī�ĤKƿL%?18͹Ʀ9 1049ͤK�L 25b� M���p�6Νī%

LŎī�1/͹Ʀ�ŕǱ"ML86+.+ 10-11ʽ#���J5�.+3#1F�ɉ#�Ⱦͦ6̐-

ʪ�+E69 1029Ɵ��.1#B�� M9ńʌ̴ʒ�JʋŃB2˧ͬ#+ȓΎIKF΋��ȐJ

�6��#��S�|ͼ͹û6I.1��`��"M+ȾͦÎPƴǖ%L+E69�Ï�ƑŜ�ǅ

̠2�L�ŰΙ69�����qwΈ�+Q;�͊>�Y��uT�`"MLͬ˃9���p�6

ʒ$LO�295��ͥƥ̻ʠ5˧͑ͳǠ�̘OM1�L 25��

 

 
5 ĀüĂüĀý÷ ƗƟƕƒƁƆåńŠƟſƁƥƚśŘƐŭƥƠƄũƣŴ÷ øģùƟſƁƥƚŘƟƖƣƜƄƠÃ¦÷ øĤû÷ĥùƗƟƕƒƁƆ

åńŠƟſƁƥƚśŘƐŭƥƠƄũƣŴŗŃňŢŬƉƠŲƥƞƣƆŻŵƥƒ āĄĤý÷

 
� Ó�:�ŀ 1-3-1a6ʸ#+�nq��8Ŏī�����qwΈ9��p�6�Y��uT�`%

Dobson, Karplus et al.

a b c
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L8295��ŀ 1-3-1b, c 6ǯ�MLX{�^���wia��6Ō0�+ǨďPʸ%�%5O
-�����qwΈ9ͥƥ̻ʠ5¨ΎÎ8ƴǖP˧ʖ#�Ȟ˥ʠ6�nq��>3�Y��uT�

`%L� 8I�5¨ΎÎƴǖPÉ��Y��uT�`8�[yj�9�ʆ6ř�5ùţ΀PǦ/

����qwΈ2ΥƜ6;̠3˺�JM1�L�/BK�+Q;�͊8ƴǖ9�ͥƥ̻ʠ5ǹ͹¢

6�K�)8ȶƠP5%F8�ʁĉŧ3ͥƥ̻P/5�X{�^���wia��3̨�L� 
 
ĀüĂüāýŨƙƢŪƆ¹¶ŘV`ƛůƈżƚ÷

� X{�^���wia��6Ō0�ͥƥ̻ʠ5ÿ˚6I.1�+Q;�͊8θɇȾͦ�ƴǖ"M

Lͬ˃Pˤ¾#+� 8I�6�ɉƜ6�Y��uT�`"M++Q;�͊8Ⱦͦ9ŚɿȾͦ3ĳ

:ML�+Q;�͊9ŚɿȾͦP��i3#�ʇɞ6Ǉ$+ďʠ5ȾͦŕēP%L 32�ȿ�5

Ʉ˾Pʞʋ%L 3�ħ˾2�L 25�#�#5�J�+Q;�͊8Ⱦͦŕē9�ȓ3#1ʒĴ6̓

8ƷΩPĠA% 3F�L�S�s}U��ʝG_�Us�W�v��c�ʝ3�.+ʜǏ29�

�i�Y��uT�`#++Q;�͊�÷ΝÎPƴǖ#�əʪ%Lʋ́�̤ɯ"M1�L 12,31,32�

 8£ɳǋ8÷ΝÎ9�S��Uwˮˬ3ĳ:ML(ŀ 1-3-2)� 
�

 
 

5 ĀüĂüāý÷øģùŨƙƢŪƆ¹¶ŘV`ƛůƈżƚ÷ øĤùŨƙƢŪƆ¹¶V`Ř´Ö Ăāģý÷

 
� S��Uwˮˬ8ƴǖ9�ʆů8ʜǏ8C6̤ɯ"MLF8295��+Q;�͊��̈ʠ6ʸ

%ǋ͊3#1ʍ̦"M//�L�S��Uwˮˬ8ƴǖ�[yj�9�͍ùţ����ƴǖ6��

L cooperative�u�3ΰË#1�K�ȵƴǖ-Ê΋8�[yj�2̘ͨ%L (ŀ 1-3-2a) 12,31,32��i

�Y��uT�`#++Q;�͊9�S��Uwˮˬ8ȵPƴǖ%L�ȵƴǖP˧1�"J6Ê΋

%L 32£ɳǋ8S��Uwˮˬ�ƴǖ"ML�S��Uwˮˬ3�̈ʠ5͍ùţ����8ƴ

ǖ�[yj�9ΥƜ6Ë1�L��ȵƴǖ6��L̵žȤ8΋"9ì�ʚ5L�͍ùţ����8

ȵƴǖ6É�ɣǋēΚœ9ſ"��͍ùţ;ī9%�"B̘ͨ%L 10��ȇ�S��Uwˮˬƴǖ

9�͍ùţ����3ɑ͕%L3ΥƜ6ͫ� 31,32� M9�S��Uw8ȵƴǖ6Ώ%Lƞ̚�ȓ

Ύ͔¡2̞ȁ8ƞ̚3¹΅%L 36IK�̞Ξ5˧͑�ƴǖ"ML+E,3˺�JM1�L (ŀ
1-3-2b)�%5O-�S��Uwˮˬ8ƴǖ9�̵žȤPÉ�ȓΎʞƆʋ́2�K� M9̞ȁ8ƞ
̚�¹΅%Lʋ́6͌Ľ#1�L3̨�L� 
 
  

a b
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Āüăý�KÔ�@ŹŻƃƚŕ�2�@ŹŻƃƚ÷

�   B2�¼Ƒ͍ùţgit�3#1͍ùţ�����ʒĴùţgit�3#1+Q;�͊3)

8÷ΝÎ2�LS��Uwˮˬ8ƴǖ�[yj�PȽ̤#1�+�Â¡PB3EL3�ɇ8I�6

̫͝%L 3�2�L(̛ 1-1)� 
�  MB2̘OM1�+¼Ƒ͍ùţgit�6Ώ%Lʰˇ8ŗ�9�ʁĉŧʠ6Ūů5͍ùţΝī

ÎP©5ʰˇź́3#1�+�"J6�͍ ùţ����ƴǖͬ˃8ʁĉŧ�u��ʴˉ"M1�K�

ʁĉŧǹ͹¢6��L͍ùţ;ī8ů΀ʠ5ʍ̦�ͨQ2�L� 
� �ȇ�ʒĴùţgit�6��19�ͥƥ̻ʠ5Ǩď�;̠3"M1�L�����qwΈ8�

Y��uT�`6̡JMLI�6�X{�^���wia��6Ō0�¨ΎÎƴǖ8˧͑�+Q;

�͊8ƴǖ6;̠2�L�B+�S��Uwˮˬƴǖ9�cooperative�u�6Ō0�͍ùţ���
�8ƴǖ�[yj�3ΰËǋPʸ%�#�#5�J�͍ùţ����8ƴǖ39ʚ5K�S��U

wˮˬ8ƴǖ69�ȓΎ͔¡2̞ȁ8ƞ̚�̞Ξ6¹΅#1�L�#+�.1�ʒĴùţgit�

9�̞ ȁ8ƞ̚�¹΅%L 36I.1̞Ξ5X{�^���wia���Ⱦ˔"M+ͥƥ̻ʠ5

ǹ͹¢6�L3̨�L� 
� Â¡PB3EL3�ʒĴùţgit�3¼Ƒ͍ùţgit�8Ύ69�ƀ5�3FȓΎ͔8Ƚǈ

8Ƞɽ�ťŃ#1�L(̛ 1-1)�ȓΎ͔8ȶȨP+4L3�̞ȁ8ƞ̚�¹΅%Lʋ́6̘�ʪ��
̞ȁ8ƞ̚�ȓΎ͔¡2¹΅#+ʇǓ29̞Ξ5X{�^���wia���Ⱦ˔"M�ʒĴʋ́

6ʆǃʠ5ȓΎ8ɤM8¨2ŗƶ6Ʉ˾ē%Lgit��ʞʋ"ML�#+�.1�¼Ƒ͍ùţg

it��ʒĴùţgit�6"J6′0��F#�9öε%L+E69�ȓΎ͔PĤKëM+ͥƥ

̻ʠ5git�8Ⱦ˔�ǅ̠£ħɆ3˺�JML�/BK�¼Ƒ͍ùţgit�6Ώ%Lʰˇ6�

�1�ʁĉŧ�Jͥƥ̻>8��pU�g�v�ǅ̠35L�!�Ȟ′�͍ùţēŧ6��1Fͥ

ƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ8Ǩď�ɡʥPΝEšE1�K���/�8̅Ĳɨ�ōı�5"

M1�L 33-37�) 2�ɇ6�͍ùţΝīÎ8ͥƥ̻ʠ5Ǩď6Ώ%Léδʠ5ōı6/�1ˤ¾

%L� 
 
 

Ã ĀüĀý÷ �KÔ�@ŹŻƃƚŕ�2�@ŹŻƃƚ÷

 
 ¼Ƒ͍ùţgit�  ʒĴùţgit� 
    

ƴǖ�[yj� 
8ʆǃ 

�ʁĉŧʠǹ͹¢6�K̂ʖX{

�^�ʠ6ȞFŪů5ȾͦÎ�ƴ

ǖ"ML� 
�ͥƥ̻ʠ5Ǩď9�BK̤ɯ"

M1�5�(F#�9̤ɯ#1�5
�)� 
 
� � 
ȓΎ͔¡2ŕē9#5� 

 �ΝīÎ8ƴǖ69ͥƥ̻ʠ6ƴ

ǖ"ML¨ΎÎG�ΝīÎƴǖ8

˧͑�;̠� 
�̞ȁ8ƞ̚�¹΅%L 32̞

Ξ5X{�^���wia���

Ⱦ˔"ML� 
 
� 
ȓΎ͔¡2ŗƶ6ŕē%L 
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ĀüĄýÛRÎ¢ŗV`ŊţŢÔ�@ƗƟƘƥ÷

� ′Ɵ�͍ùţēŧ6��1F�ʁĉŧ,�25�ͥƥ̻8;̠ǋ�̳̿"M//�L 33,34�)#

1�ͥƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ69�ʁĉŧǹ͹¢29˺�JM5�̅Ĳɨ�ʋ́�̤ɯ

"ML�Â¢6�ͥƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ8éδʠ5ʰˇPʸ%� 
 
ĀüĄüĀýoé´Þŗ�ŁV_×§ōŢÔ�@ƗƟƘƥ÷

 
 

5 ĀüĄüĀý÷ �ŖŢŠŎŦ{Üśoé JōŢÔ�@ƗƟƘƥĂĄ÷

 
� Würthner J9���gSy�̉ˠ̵žÎ8̂ƕΝīͬ˃6̅Ĳɨ�ȓΎʞƆʋ́Pʞ̡#+(ŀ
1-5-1)35���gSy�̵žÎ8 THFɳɧ6�q�g_��]e�Pɫċ%L3�%�"B H-Çī
Î(H1)Pƴǖ#+�H1 9ĩƖ�J'QȾͦ8x|�RU~�2�L�̅Ĳɨ� 36�˝κȓΎ
ė˧ͬ%L3�CDi�_v�ŕē6crv�Ďȴ8Ģ͓�̤ɯ"M�ʚ5LΝ˅ȿƬPʸ% H-Ç
īÎ(H2)8ƴǖ�ʴ̳"M+�H29ĩƖ�J'QȾͦ8x|�RU~�2�L��H18J'QI
KFʮ��rqPF/ 3�ĝţΎĉίǂΉ(AFM)6ILʦǭ̤Ÿ2ȐJ�3"M+�WürthnerJ
8 8ōı9�͍ùţ����8ȓΎʞƆʋ́6É�ƴǓ͓ˁP AFM 6I.1ʦǭ̤Ÿ#+üE
18ōı2�L� 
 
ĀüĄüāý�CD�_ť´�ōŢÔ�@ƗƟƘƥŘoé J�Ð÷

� MeijerJ9�Z�d���Wy���y��̵žÎ�J5L͍ùţ����8ƴǖͬ˃6�̞ȁ
8˧͑(Pathway complexity)�Ώ¤#1�L 3PȐJ�3#+ 36� 8ōı6��1�ɲŪůʇǓ

8͍ùţ�����Jʁĉŧʠ6Ūů5͍ùţ����>ȓΎʞƆ%Lʋ́�̤ɯ"M+�ivr

�w���ɟPF-�+͍ùţ����ƴǖͬ˃8ͥƥ̻ʠ̦ȱ6I.1�ȓΎʞƆʋ́8�[y

j�PȐJ�3#+�)8˨ȴ�ɲŪůʇǓ8͍ùţ�����Jʁĉŧʠ6Ūů5͍ùţ���

�>8ƴǓ͓ˁ9��|��>8¬ΟP˧ʖ#1̘ͨ%L 3�ʸ"M+�"J6�ȓΎʞƆʋ́ 

Würthner et al.

RO
OR

OR

NN

N

O

R
O

NC
N

O

R
O

CN

H1 H1+H2 H2
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5 ĀüĄüāýÅjŘ¿Në/´ÖŅê�ōŢÔ�@ƗƟƘƥŘz�5 Ăą÷

 
8�[yj�6Ō0��ɲŪůʇǓ8͍ùţ����PͳǠʠ6īǖ%L 36FǖĊ#+�

Meijier J9�ùţ8̂ƕΝī˧͑8ʍ̦�͍ùţΝīÎ8ʰˇ6½ƽ;̠35L 3P͝?1�
K�ʸĸ6ŶQ,ʰˇPƆ΍#1�L� 
 
ĀüĄüĂý¿NÅÄōŢ�KÔ�@ŹŻƃƚ÷

 
 

5 ĀüĄüĂý÷ oé J¢ŗ¿NÅÄōŢ�KÔ�@ŹŻƃƚ ĂĆ÷

 
� Otto J9���l�hqZ��̵žÎ8ͼēĢǇ6É�ʐʇēīʅƴǖ8ƞ̚(ďʠc��xv
�S��U���)3��qwΈΎ8β-g�vȾͦƴǖ8ƞ̚P˦CīO'L 32�̂ƕ̞̝%

Meijer et al.

N N

NN N O

NH

H

H

H

OC12H25
OC12H25

C12H25O

O

O

O

O

Otto et al.
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L¼Ƒ͍ùţgit�PȾ˔#+(ŀ 1-5-3)37� 8͍ùţgit�6��19�ΥƜ6̅Ĳɨ�ȓ

ΎʞƆʋ́�̤ɯ"ML���l�hqZ��̵žÎ8ͼēĢǇ΍šüȤ29� ΀ÎGĻ΀Î3

�.+ɑ͕ʠſ"5ʐʇēīʅ�ƴǖ"ML 3P͍θͥɧÎ_��v`��(UPLC)�JȐJ�
3#+�#�#5�J�ȁȋΎ8̵žȤ88-�IKř�5ʐʇēīʅ�ʒǖ%L3���qwΈ

Ύ8β-g�vȾͦƴǖ6É�x|�RU~��ƴǖ"M+� 83��x|�RU~�8ƴǖ�̂
ƕ̧Ţʠ6̘ͨ#�x|�RU~�Pƴǖ%Lʐʇēīʅ3Ĭ$ř�"8ùţ�̂ƕ̞̝"ML�

OttoJ9�̂ƕ̧Ţ�̂ƕ̞̝�ȓΎʞƆʋ́3�.+ʒĴʋ́GʒĴ8ͨēPƸƺ3"'L¼Ƒ
͍ùţgit�8ć̝6ǖĊ#1�L� 
 
ĀüĄüăý� BŞŋŇřÛRÎ¢ŗV`ŊţŢÔ�@ƗƟƘƥŘ��÷

� ͥƥ̻ʠ5ùţ8̂ƕΝīǨď�̤ɯ"M+éδʠ5ōı6/�1ˤ¾#+�ͥ ƥ̻ʠ6ƴǖ"

ML͍ùţ����69�ʁĉŧʠǹ͹¢29̡JM5��ȓΎ͔¡2ŕē%Lʋ́�̤ɯ"M1

�L� M9�ùţ8̂ƕΝīͬ˃6�̞ȁ8ƞ̚�Ώ¤#1�L+E,3˺�JML� 8I�

5˛29�̞ȁ8ƞ̚�¹΅%L 36I.1�ɲŪůʇǓ�ƴǖ"ML�)#1��LͱƳ5Ȭ

Ä¢29�ĕù6΋�ŻĴPF.+ɲŪůʇǓ8͍ùţΝīÎ�ͥƥ̻ʠ6ƴǖ"ML�#�#5

�J�ɲŪůʇǓ8͍ùţΝīÎ9�ȓΎ˧ͬ6É��ʁĉŧʠ6Ūů5ʇǓ>ƴǓ͓ˁ%L�#

+�.1�ͥƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ69�ʒĴùţgit�6ʆǃʠ5ȓΎ͔8Ƚǈ�

įBM1�L3̨�L� 
� +Q;�͊9�X{�^���wia��6Ō0�����qwΈ��Y��uT�`%L 3

2ƴǖ"ML� 8 3�J�͍ùţΝīÎ8ͥƥ̻ʠǨďFX{�^���wia��6Ō0�

̘ͨ#1�L3˺�JML�#+�.1�ʁĉŧ3ͥƥ̻P/5�X{�^���wia��8ʍ

̦�;̠2�L 39Ŵȑ6ǐå2�L�#�#5�J� MB2ōı"M+F88@3Q49�

͍ùţΝīÎ�ȓΎ͔¡2ʸ%ŕēP̤ɯ%L634B.1�K�)8ů΀ʠ5ʍ̦69̃.1�

5��"J6�X{�^���wia��6Ō0��[yj�8ʍ̦�ĕù6"M1�5� 3�

J�͍ùţΝīÎƴǖ8ͥƥ̻ʠ5ÿ˚9Π#�ʇɞ6�L�#+�.1�½ȋ�͍ùţΝīÎƴ

ǖ8ͥƥ̻ʠ5Ǩď�ɡʥ"M19�L��ʋ́Pʍ̦#ÿ˚%L+E8ĕù5Ōʤ�Ȃ.1�L

39̨�5�� 
 
 
Āüąý3ñeÓŕtÎlŘ{`÷ ÷

�   B2͝?+I�6�͍ùţΝīÎ9�ΥîȠ˨īǋ8ùţΎʧ¶Ðʔ6I.1ùţ�̂ʞʠ

6Νī#ƴǖ"MLȾͦÎ2�L�īʍʠ5ùţ̬̩6I.1� MB26ȿ�5ȾͦGɄ˾PF

/͍ùţΝīÎ�ʒCø"M1�+�#�#5�J� MB2̘OM1�+͍ùţΝīÎ6Ώ%L

ʰˇ8ŗ�9�ʁĉŧʠ6Ūů5ʇǓ8CPź́3#1�+�ʒĴùţgit�6̡JML̞Ξ5

ȾͦÎ8ƴǖ6ͥƥ̻�;̠5ƹĆPF/ 3P˺�L3�͍ ùţΝīÎ6Ώ#1Fͥƥ̻ʠʭ̡

�;̠65L 39ǐå6Π�5��′Ɵ�ͥƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ6ɡʥ�ΝEJM

1�L��͍ùţΝīÎƴǖ8ͥƥ̻ʠÿ˚9!�ã�5ōıÓ634B.1�L�ʆ6�ʒĴù

ţgit�8�/8ʆǃ2�LȓΎ8ɤM85�2Ʉ˾%L͍ùţΝīÎ8ć̝9�)8̞Ξ"H

�6Ȧ,ľΠ2�L�F#FȓΎ8ɤM8¨2ŗƶ6ŕē%L͍ùţΝīÎPÐKø% 3�2�

M:�ʒĴùţgit�6ʆǃʠ5̞Ξ5ȾͦGɄ˾8ćʞ�Ȥƻ"M�ȪȄʼŧGx|t_|�

h�6Ȇ+5Ɔ΍PF+J%3˺�JML� 8I�5͍ùţgit�8Ⱦ˔69� MB2ŋO

M1�+ʁĉŧʠ6Ūů5ΝīÎ295��ͥ ƥ̻ʠ6ƴǖ"MLɲŪůʇǓ8͍ùţΝīÎ�·

35L� 
� ) 2Ȩ̻ȃ29�ɲŪůʇǓP˧ʖ#ȓΎʞƆ%L͍ùţΝīÎ8ć̝3)8ͥƥ̻ʠÿ˚P
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ʥǧ#+�Ȩ̻ȃ8ăė6��19����T��̵žÎ8ȓΎʞƆʠ5ƴǓ͓ˁʋ́6ʪʥ#�

ùţȾͦ3X{�^���wia��8ʧΏGȓΎʞƆʋ́8�[yj�8̦Ȑ(ˍλ(νˊ)P̹
ή3#+� M6IK� MB2ŋOM1�+ʁĉŧʠ5ʭ̡3ͥƥ̻ʠ5Ȇ+5ʭ̡��X{�

^���wia��3#1�/6˨=/�JML3Ȥƻ2�L�ƽė6��19�ăė2ƿJM+

ʭ̡PF36�X{�^���wia��6Ō0�͍ùţΝīÎ8ͥƥ̻ʠÿ˚(ˍξ,οˊ)P̹ή
3#+�Ȩ̻ȃ2ȐJ�3#+ʭ̡9�ʒĴùţgit�3¼Ƒ͍ùţgit�8Ύ6ťŃ%Lř

�5Θ+KPŇEL,�6ɈBJ&�ȓΎ͔PĤKëM+Ʉ˾ǋȪȄ8̬̩Gùţ8̂ƕΝī6Ō

0�x|t_|�h�6Ȇ+5Ɔ΍PF+J%F83Ȥƻ"ML�Ȩ̻ȃ9ìπˊ�JȾǖ"M1

�L�Īˊ8Ƚ̠PÂ¢6ʸ%(ŀ 1-6-1)� 
 
 

 

 
5 ĀüąüĀý÷ tÎlŘ{`÷

 
­Ʀ¬÷ ¸É÷

� ˍκˊ29�Ȩʰˇ8˼ȕ�I=ʥʠP͝?�Ȩ̻ȃ8ȾǖPʸ#+� 
 
 
­Ƨ¬÷ �CD�_ťhŢÔ�@ë/	Řoé JƒƢŴƞƚ÷

� ˍλˊ29����T��̵žÎ8̂ƕΝīͬ˃6CJMLȓΎʞƆʋ́6ʪʥ#+�˛˪ʠ5

ùţ̬̩6IK�ùţȾͦ3̂ƕΝī6��LX{�^���wia��8ʧΏPȐJ�3#+�

"J6�͍ùţΝīÎ8ȓΎʞƆʋ́8̵žȤP��`��%L 36ǖĊ#+� 
 
 
­ƨ¬÷ �@{ÜŘ�ńŖàŁŅTņŰƉŕŖŢÔ�@ë/	Ř� ¢oé J�Ð÷

� ˍμˊ29�ˍλˊ2ȐJ�3#+ùţȾͦ3X{�^���wia��8ʧΏ6ʪʥ#+�˛

˪ʠ5ùţ̬̩P̘��)M*M8ùţ�ʸ%̂ƕΝīǨďPȐJ�3#+�)8˨ȴ�ùţȾͦ

8ã�5ͮ��͍ùţΝīÎ8ćʞʠ5ȓΎʞƆʋ́8ƭ�΁35L 3�ʸ"M+� 
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­Ʃ¬÷ ā ��Ô�@ë/	V`Řoé J�Ðƭ�@{ÜŘM�Ņ)ŜōÛRÎ¢ŖWð÷

� ˍνˊ29�̱ μˊ2ʞ̡#+x|˗ţ�Jx|g�v>ƴǓ͓ˁPÉ�ȓΎʞƆʋ́6ʪʥ#

+�˛˪ʠ6ùţȾͦPǺŕ#+���T��̵žÎPF-��ùţȾͦ8ã�5ͮ��x|g�

vƴǖ8ͥƥ̻ʠǨď64��.+ƷΩPĠA%8�ȹ̪#+�)8˨ȴ�ȓΎʞƆʠ6ƴǖ"M

L 2ɇçx|g�v8Φ˅9�͍ ùţΝīÎ8ʁĉŧʠŪůǋ295�ͥƥ̻ʠ6ɘů"ML 3

�ȐJ�35.+� 
�

�

­ƪ¬÷ oé JƒƢŴƞƚŗşšE�ōŢƟƎƣŴÔ�@á/÷

� ˍξˊ29�͍ùţΝīÎƴǖ8ͥƥ̻ʠÿ˚P̹ή3#+�ˍλˊ2̡ø#+ȓΎʞƆ��`

��PǇʔ%L 32�̂ʞʠ5͍ùţΝīÎƴǖPͫƫ"'L 36ǖĊ#+�"J6�͍ùţ

ΝīÎƴǖPͥƥ̻ʠ6ÿ˚%L 32�͍ùţ����8΋"8ÿ˚6ǖĊ#+� 
 
 
­ƫ¬÷ �%ōŢÔ�@ë/	ƭŬƉƠŲƥƞƣƆŻŵƥƒŗ7ŒŇô�{ÜŘ�Z÷

� ˍοˊ29�ɲŪůʇǓ6�Lx|˗ţ��ȓΎ8ɤM8¨2̞ȁ8x|ȾͦÎ>3�ùē�%

Lʋ́Pʞ̡#+�͍ùţΝīÎ�ʸ%ùēʋ́8�[yj�PȐJ�3#�)M6Ō0�͍ùţ

ΝīÎƴǖ8ͥƥ̻ʠÿ˚6ǖĊ#+� 
 
 
­Ƭ¬÷ µÉ÷

� ˍπˊ29�Ȩ̻ȃ2ƿJM+Ȇ+5ʭ̡PB3E�½ƽ8ƆȢ6/�1͝?+� 
 
 
 
 
 
 
 
� �
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­Ƨ¬÷ �CD�_ťhŢÔ�@ë/	Řoé JƒƢŴƞƚ÷

 
āüĀýQÎ÷

� ̂ɿʗ6��19�̞ȁ8ƞ̚�ȓΎ͔¡2¹΅%L 32�ȓΎ8ɤM8¨2̞Ξ�/˚ŵ6

Ʉ˾%LʒĴùţgit��Ⱦ˔"ML 1� 8I�5ʒĴùţgit�PȪȄēŧ8̣ɼ�Jʩ
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5 āüĀüĀý÷ oéØŗGŋœí¹V^ť¦ō¿NÈ?*\ Āā÷
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� ùţ 1 Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É�x|˗ţʇÇīÎ(x|˗
ţ�1NP)�ƴǖ"M+(ŀ 2-1-4a, b)�1NP8İģi�_v�ɯůP̘.+3 N��|��8 Soret
ƚ3ɑ͕#1΋ɠ΋g�v#+İģ�̤ɯ"M+(ŀ 2-1-4d)� 8 3�J�1NP 9���T��
̵žÎĬŔ�&M1Ν˅#+ J-ÇīÎ2�L 3�ʸ"M+�ΥƜ6̅Ĳɨ� 36�1NPPȁȓ
ΎǶǤ%L3x|�RU~�ʇÇīÎ(x|�RU~��1NF)>3ƴǓ͓ˁ#+(ŀ 2-1-4a, c)�1NF
8İģi�_v�ɯů�J��|��8 Soretƚ3ɑ͕#1ʮɠ΋g�v#+İģ�̤ɯ"M+(ŀ
2-1-4d)� 8 3�J�1NF9���T��̵žÎĬŔ� face-to-face6Ν˅#+ H�ÇīÎ2�L
 3�ʸ"M+� 
 

 
 

5 āüĀüĄý÷øģùoé J�ÐŗŃňŢ0�Røλ÷ċ÷ĄąĀ÷İįùŘoé:%÷ øĤùÌIrŘ�R�A^÷

 
� ùţ 18ȓΎʞƆʋ́Pİģi�_v�ɯů6I.1͞…#+3 N�1NF8ƴǖ�ȓΎ͔6ź
#1Υˮƴ6̘ͨ#1�L 3�ʸ"M+(ŀ 2-1-5a)� M9̂ƕ̧ŢĢǇ6ʆǃʠ5ͥƥ̻ʠǨ
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5 āüĀüąý÷ ƛƁƠŹųƢƓűŷƣ���ŗŃňŢ�@ Ā ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 
� ùţ 18ȓΎʞƆʋ́PȪȄʼŧ8̤ɼ�JʩEL3�ȓΎ͔6ź#1Υˮƴ6Ǉˑ%LɄ˾ǋ
ȪȄ3#1̅Ĳɨ��ȓΎʞƆʋ́8̵žȤP̂ʖ̂Ń6ÿ˚%L 3�2�M:�ȓΎ8ɤM8

¨2̂Ƽʠ6Ʉ˾%Li��v�t�S�8ć̝6˳�L 3�Ȥƻ"ML� 
� Ȩˊ29�˛˪ʠ5ùţ̬̩6IK�ùţȾͦ3X{�^���wia��8ʧΏPȐJ�3%

L 3P̹ή3#+�͍ùţΝīÎƴǖ6��1�˶ǱŌ8ˉÎΚŲ9ùţĬŔ8;5K6ƷΩP

¤�L3˺�JML�) 2�ùţ 1 8 meso-ÌPˉÎʠ6ř�5˶ǱŌ2˶�Ǳ�+ùţ 2��
I=�ˉÎΚŲPĤKΔ�+ùţ 3P)M*Mīǖ#�)MJ8̂ƕΝīǨď�I=X{�^��
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āüāýµxŕ½F÷

 
āüāüĀý�@{ÜŕŬƉƠŲƥƞƣƆŻŵƥƒŘ£ê÷

� ùţ 1, 2, 38�q�g_��]e�ɳɧ¨6��L̂ƕΝīǨďPùêŧʠǜɟ�I= AFMP
F-�1̰Õ#�ùţȾͦ3X{�^���wia��8ʧΏPȐJ�6%L 3Pʥǧ#+� 
 
āüāüĀüĀý�@ Ā Ř¿Në/c$ŕŬƉƠŲƥƞƣƆŻŵƥƒ÷

� ùţ 18̂ƕΝīǨď6/�1�ùêŧʠǜɟPF-�1̰Õ#+ 5� 
 

 
 
5 āüāüĀý÷ øģù�@ Ā Ř¿Në/c$Ř}S5÷ øĤù�R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ ċ÷ ăĂĂ÷ İįĿ

ġĀĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĥùoé´Þŗ�ł0�R:%øλ÷ċ÷ĄąĀ÷İįĿġĀĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛ

Rĉăÿÿ÷ĳýĲýįýù÷øĦù�R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįĿġĀĢ÷ċ÷Ąÿ÷µėĿ"�ÛRĉ÷Ā÷ĕ÷įīİüĀù÷

øħù�@ Ā Ř0+ŻƕųƅƠ�

 
� ùţ 1Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É� 1NPPƴǖ%L(ŀ 2-2-1 a, 
b, e)�1NP8ƴǖ6É�İêƥŕē9�ɮƥ6ź#1g`�UwņPʸ#1�L(ŀ 2-2-1 b)� M
9 isodesmic�u�6ʆǃʠ5ŕē2�L 3�J�1NP8ƴǖ9 isodesmic�u�6IK̰Õħ˾
2�.+ 16�308 K6��1�1NPɳɧ6ź#1ǶǤP̘�3�5ȓΎ 20ù8̵žȤPÉ��1NF
>̂ƕ̧Ţʠ6ȓΎʞƆ#+(ŀ 2-2-1a, c)�̅Ĳɨ� 36�1NFɳɧPċʁ%L 32�1NF�
�|��6̦Ο%Lͬ˃P͞…#+˨ȴ�́ʗɮƥ(Te)Pő6İêƥ8Ǌɸ5ŕē�̤ɯ"M+(ŀ
2-2-1a, d)� M9�cooperative�u�6ʆǃʠ5ŕē2�K�1NF8ƴǖ9 cooperative�u�6I
K̰Õħ˾2�.+ 15� 
� 1NP �I= 1NF ƴǖͬ˃6��Lʁĉŧ����o�I= 308 K 6��Lƞ̚ůȁ9é̘ʰˇ
6��1ȐJ�3"M1�K�)8˨ȴP̛ 2-2-16B3E+ 5�Â¡�J��q�g_��]e�

¨6��Lùţ 18X{�^���wia��9ŀ 2-1-63#1̛% 3�2�L�#+�.1�
ùţ 1P�q�g_��]e�6ùǿ"'L3 pathway B6ɝ.1 1NP�ͥƥ̻ʠ6ƴǖ"M�̵
žȤ88-6�pathway A6ɝ.1ʁĉŧʠ6Ūů5 1NF>ƴǓ͓ˁ#+� 

353 333
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Ã āüāüĀý÷ĀĘĚ ŃşŚ ĀĘĐ V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

1NP (85 (183 (28.6 
1NF (113 (253 (35.1 

 
 
āüāüĀüāý�@ ā Ř¿Në/c$ŕŬƉƠŲƥƞƣƆŻŵƥƒ÷

� ùţ 28̂ƕΝīǨď6/�1�ùêŧʠǜɟ�I= AFMPF-�1̰Õ#+� 

 
 
5 āüāüāý÷ øģù�@ ā Ř¿Në/c$Ř}S5÷ øĤù�R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ ċ÷ ăĂĂ÷ İįĿ

ġāĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĥùoé´Þŗ�ł0�R:%÷ øλ ċ÷ĄąĀ÷İįĿġāĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛ
Rĉăÿÿ÷ĳýĲýįýù÷øĦù�@ ā Ř0+ŻƕųƅƠ÷

 
� ùţ 2 Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É� J-ÇīÎx|˗ţ(2NP)P
ƴǖ#+(ŀ 2-2-2 a, b, d, ŀ 2-2-3)�2NP8ƴǖ6É�İêƥŕē9�ɮƥ6ź#1g`�UwņP
ʸ#1�L(ŀ 2-2-2b)� M9 isodesmic �u�6ʆǃʠ5ŕē2�L 3�J�2NP 8ƴǖ9
isodesmic �u�6IK̰Õħ˾2�L 16�2NP ɳɧ6ź#1 308 K 6��1ǶǤ(ǶǤͥƥ:400 
r.p.m.)P̘.+��İêƥ8ŕē9ì�̡JM5�.+(ŀ 2-2-2c)� 8 3�J�ùţ 2 9 H-Ç
īÎPƴǖ#5� 3�ʸ"M+� 
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 c
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step 1
step 2

step 3
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No time-evolution
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N 
�
�(��Gm 
 , 3�AiBS8_m�
67 , 125 R\C��

�8= K/9]#P2][:]/�)���"!  
 

 
 
5 āüāüăý÷øģû÷Ĥù�@ ā Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġāĢċĄÿ÷µėù÷øĥù�R

�A īĴıĦħĴįīĥ ƜƄƠŗşŢ āĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øλċĄąĀ÷İįù÷øĦù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù�

 
� ɇ6�2NPƴǖͬ˃6/�1�isodesmic�u�PF-�+ʁĉŧʠ5̦ȱP̘.+�ŀ 2-2-4a, b
6ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%� 8˨ȴPF-��2NP8Ȟřİģɠ΋ 433 nm (Soret
ƚ)��İêÖȁP˒ø#+�ɹƥ͔6ź#1�2NP8ÇīÎƴǖƥαNPPƬ(1)6I.1ɖE+�5
��εMono�εNP�ε(c)9)M*M�|��8��İêÖȁ�2NP8��İêÖȁ�ɹƥ c6��1̤
ɯ"M+��İêÖȁ2�L� 
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
ƿJM+αNPPɹƥ6ź#1��rv#+3 N�g`�Uwņ8ŕē�̤ɯ"M+(ŀ 2-2-4c)� 
8��rv6Ώ#1�isodesmic�u� (2)PF-�1̦ȱP̘.+�5��KI9x|˗ţƴǖ6�

1/T  (K–1)

0

0.6
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 c
m

–1
)

0

1.5

2.5

2.0

0.5

500 650550 600

b

1.0 283 K

368 K

ε (
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 c
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–1
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�Lƞ̚ůȁ�cT9˛¨6įBML%?18���T��̵žÎ8ɹƥPʸ#1�L� 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 
̦ȱ8˨ȴ�Īɮƥ6��Lx|˗ţƴǖ8ƞ̚ůȁ KI�ɖEJM+(ŀ 2-2-4c, ̛ 2-2-2)�"J6�
ƿJM+ƞ̚ůȁ KIPF-��van’t Hoff8Ƭ(3)�J 2NPƴǖ6��LɁɲX�o���ŕē(ΔH˚)
�I=ɁɲX�v���ŕē(ΔS˚)�308 K 6��L̂ʖX{�^�ŕē(ΔG˚)P)M*MɖE+(ŀ
2-2-4d)� 

 
5��R 9ɓÎůȁPʸ#1�L�)8˨ȴ�2NP ƴǖ6��Lʁĉŧʠ����o9)M*M�
ΔH˚= –79 kJ mol-1�ΔS˚= –167 J K-1mol-1�ΔG˚= –27.6 kJ mol-13˒ø"M+� 
 

Ã āüāüĀý÷ĀĘĚ ŃşŚ ĀĘĐ V`ŗŃňŢ� Bƍƞƛƥƀ÷

�

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

2NP (79 (167 (27.6 
2NF �q�g_��]e�ɳɧ¨2ƴǖ"M5� 

 

 
5 āüāüĄý÷ �@ ā ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 
� Â¡�J��q�g_��]e�ɳɧ¨6��Lùţ 2 8X{�^���wia��9ŀ 2-2-5
8I�6̛% 3�2�L�ùţ 2 9ʁĉŧʠ6Ūů5 J-ÇīÎx|˗ţ 2NP Pƴǖ%L��H-
ÇīÎx|�RU~�9ƴǖ#5� 3�ȐJ�35.+� 

n

G

Pathway B

monomer 2

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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āüāüĀüĂý�@ Ă Ř¿Në/c$ŕŬƉƠŲƥƞƣƆŻŵƥƒ÷

� ùţ 38̂ƕΝīǨď6/�1�ùêŧʠǜɟ�I= AFMPF-�1̰Õ#+� 

 

 
5 āüāüąý÷ øģù�@ Ă Ř¿Në/c$Ř}S5÷ øĤù�R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ ċ÷ ĂĆć÷ İįĿ

ġĂĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĥùoé´Þŗ�ł0�R:%÷ øλ÷ċ÷ĄĄą÷İįĿġĂĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛ

Rĉăÿÿ÷ĳýĲýįýù÷øĦù�@ Ă Ř0+ŻƕųƅƠ÷

 
� ùţ 3 Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É� J-ÇīÎ(3NP)8ƴǖ�ã
�6̤ɯ"M+��%�"B H-ÇīÎx|�RU~�(3NF)>3ƴǓ͓ˁ#+(ŀ 2-2-6a, b, d�ŀ 2-
2-7)�3NF8ƴǖ6É�İêƥŕē9�́ʗɮƥ(Te)PÉ��ɮƥ͔6ź#1Υg`�UwņPʸ#
1�+(ŀ 2-2-6b)� M9 cooperative �u�6ʆǃʠ5ŕē2�L 3�J�3NF 8ƴǖ9
cooperative �u�6IK̰Õħ˾2�L 15�3NF ɳɧ6ź#1 308 K 6��1ǶǤ(ǶǤͥƥ:400 
r.p.m.)P̘.+��İêƥ8ŕē9ì�̡JM5�.+(ŀ 2-2-6c)� 8 3�J�ùţ 39�̵ž
ȤPÉ� 35��ʁĉŧʠ6Ūů5 1NFPƴǖ%L 3�ʸ"M+� 
 

 
5 āüāüĆý÷ �@ Ă Ř Ēü�/	ƇƊƐŧŪƌƥøĂĘĐùŘ ČĐė V��÷ ÷

øĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷

353 333 313

–1 K min–1 (Step 1)

(at 378 nm)

Ab
so

rb
an

ce

0 2 4

(at 556 nm)

6

at 308 K (Step 2)

ε (
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5  L
 m

ol
–1

 c
m

–1
)

0

3.0

4.0

1.0

350 650450 550

2.0

× 20

3NF
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No change
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0.4

1.2
Cooperative

3NF

3Mono

step 1
step 2

step 3

Cooling
No time-evolution

Heating
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step 3

Cooling
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b d
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5 āüāüćý÷ øģüĦù÷ �@ Ă Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĂĢċāÿ÷µėù÷øħù÷ �

R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ċ÷ĂĆćû÷ăÿąû÷ăāā÷İįĿġĂĢ÷ċ÷āÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷

÷

÷

 
 

5 āüāüĈý÷øģù÷ �@ Ă Ř�'Þ¨ŗŃňŢ�R,:Á�ŻƕųƅƠ:%øλħĸ÷ċ÷ĄăĈ÷İįĿ�'ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġĂĢċāÿ÷

µėù÷øĤù÷ �R,:Á�ŻƕųƅƠ�DŗŃňŢÁ�UR:%øλħį÷ċ÷ąĂÿ÷İįĿġāĢ÷ċ÷Ąÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİ
üĀù÷

�
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� ɇ6�ùţ 3�ƴǖ%LĪ͍ùţΝīÎ8ʁĉŧ����o8˒øP̱C+�ŀ 2-2-8b8ɮƥħ
ŕİģi�_v�ŕē�J�́ʗɮƥ TeÂ¡29 J-ÇīÎ(3NP)8ƴǖ�ʴ̳"M+�"J6ôě
P̘�3�3NF 8ƴǖ�̘ͨ#+(ŀ 2-2-8c)�Ĭȿ8̂ƕΝīǨď9�ɮƥħŕ̖êi�_v�ŕ
ē�JF̤ɯ"M+(ŀ 2-2-9)�) 2�3NP8ƴǖ9 isodesmic�u��3NF8ƴǖ9 cooperative
�u�PF-�L 32ʁĉŧʠ5̦ȱP̱C+� 

 

 
 
5 āüāüĀÿý÷øģù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĂĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĤù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
� 9$E6�3NPƴǖͬ˃6/�1�isodesmic�u�PF-�+ʁĉŧʠ5̦ȱP̘.+�3NP9
3NF ƴǖă6ã�6̤ɯ"ML͍ùţΝīÎ2�L+E�ɮƥħŕİģi�_v�ɯů8˨ȴ�
J�3NP 8��İêÖȁP˒ø%L 392�5�.+�) 2�Ƭ(2)PF-�1 3NP 8��İ
êÖȁP˒ø%L 3P̱C+�422 nm8İêƥŕē6ʪʥ#�ʚ5L 15ɼ8ɮƥ2Ƭ(2)6IL
ļƛ̦ȱP̘� 32�3NP8��İêÖȁPɖE+�"J6�)MJ8ƞŅP3L 32 3NP8
��İêÖȁ(ε3NP = 260,000 mol l-1 cm-1 )Pƿ+� 8Þ9��̈ʠ5���T��̵žÎ8 J-Çī
Î8��İêÖȁ3Ĭ˃ƥ2�L�I.1�ļƛ̦ȱ6I.1ɖEJM+ 3NP8��İêÖȁ(ε3NP 
= 260,000 mol l-1 cm-1 )Pʔ�1�isodesic�u�6IL 3NPƴǖͬ˃8�TrtT�`Pòƥ̘.
+(ŀ 2-2-10a)�"J6�ƿJM+ƞ̚ůȁ KIPF-�1�van’t Hoff8Ƭ(3)�J 3NPƴǖ6��L
ɁɲX�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K6��L̂ʖX{�^�ŕē
(ΔG˚)P)M*MɖE+(ŀ 2-2-10b)�)8˨ȴ�3NPƴǖ6��Lʁĉŧʠ����o9)M*M�
ΔH˚= –65 kJ mol-1�ΔS˚= –120 J K-1mol-1�ΔG˚= –28.0 kJ mol-13ɖEJM+� 
 

 
 

5 āüāüĀĀý÷ �R,:0+ŻƕųƅƠ�DŗŃňŢ0�R:%øλ÷ċ÷ĂĆć÷İįĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷øĤù÷Ķģİļĵ÷ĒıĨĨ ƒƢ
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� ɇ6�3NFƴǖͬ˃6/�1�cooperative�u�PF-�+ʁĉŧʠ5̦ȱP̘.+�378 nm8
İêƥŕēPɮƥ6ź#1��rv#+˨ȴ�ɹƥ!36ʚ5Ĺʗɮƥ(Te)PÉ�Υg`�Uw
ņ8ŕē�̤ɯ"M+(ŀ 2-2-11a)�B+�3NF8ƴǖ�̤ɯ"M+́ʗɮƥÂ¡29��|���
J 3NP8ƴǖF̘ͨ#1�L 3�J�́ʗɮƥ6��L�|��8ɹƥ9 isodesmic�u�PF
-�Ƭ(4)2˒ø%L 3�2�L� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
  2�KI9x|˗ţƴǖ6��Lƞ̚ůȁ�cT9˛¨6įBML%?18���T��ɹƥ2�

L�˒ø#+́ʗɮƥ(Te)6��L�|��8ɹƥPF-�1�3NF ƴǖ8ƞ̚ůȁ KE9Ƭ(5)
3̛% 3�2�L� 
 

 
−ln +'()( =? = ln -B  (5) 

 
"J6�ƿJM+ƞ̚ůȁ KE PF-��van’t Hoff 8Ƭ(6)�Jx|�RU~�ƴǖ6��LɁɲ
X�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K 6��L̂ʖX{�^�ŕē
(ΔG˚)P)M*MɖE+(ŀ 2-2-11b)� 
 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
5��R9ɓÎůȁPʸ#1�L�)8˨ȴ�3NFƴǖ6��Lʁĉŧʠ����o9)M*M�
ΔH˚= –108 kJ mol-1�ΔS˚= –226 J K-1mol-1�ΔG˚= –38.4 kJ mol-13ɖEJM+� 
�

�

Ã āüāüĂý÷ĂĘĚ ŃşŚ ĂĘĐ V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

3NP (65 (120 (28.0 
3NF (108 (226 (38.4 

 
�

�

�

�

�

�

�

�



 29 

�

5 āüāüĀāý÷ �@ Ă ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù�

�

� Â¡�J��q�g_��]e�ɳɧ¨6��Lùţ 38X{�^���wia��9ŀ 2-2-12
8I�6̛% 3�2�L�ùţ 3 9 J-ÇīÎ 3NP Pͬɭʠ6ƴǖ%L��̵žȤPÉ� 35
��H-ÇīÎx|�RU~�3NF>3ƴǓ͓ˁ%L 3�ȐJ�35.+� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

G

nucleus

monomer 3

n

Pathway A
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āüāüĀüăý�@{ÜŕŬƉƠŲƥƞƣƆŻŵƥƒŘ£ê÷

� ùţ 1-38�q�g_��]e�ɳɧ¨6��L̂ƕΝīǨď3X{�^���wia��P)
M*MȐJ�3#+�ƿJM+ʁĉŧ����oP̛ 2-2-46B3EL� 
 

Ã āüāüăý÷ �@ ĀüĂ Ř.Ô�@�/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

J-ÇīÎ    
1NP (85 (183 (28.6 
2NP (79 (167 (27.6 
3NP (65 (120 (28.0 

H-ÇīÎ    
1NF (113 (253 (35.1 
2NF �q�g_��]e�ɳɧ¨2ƴǖ"M5� 
3NF (108 (226 (38.4 

 
 

 
 

5 āüāüĀĂý÷øģùĔü�/	ŃşŚ÷ øĤùĒü�/	Ř}S5÷

 
� J-ÇīÎƴǖ6��L̂ʖX{�^�ŕē9�ùţȾͦ8ͮ�6IJ&@AĬ˃ƥ2�.+��
ȇ�H-ÇīÎ8ʁĉŧʠŪůǋ9�ùţȾͦ8ͮ�6ř��Ôť#1�L 3�ȐJ�35.+�
 MJ8ͮ�9�)M*M8ÇīÎ6��Lùţ8Ν˅ȿƬ�ʚ5L+E,3˺�JML�%5O

-�ùţĬŔ�&M1Ν˅%L J-ÇīÎ8Ŏī�ˉÎΚŲPʹ�1Νī%L 3�2�L(ŀ 2-2-
13a)�#�#5�J�ùţĬŔ� face-to-face6Ν˅%L H-ÇīÎ8Ŏī�̄ ÎΚŲPʹ�JM5�

(ŀ 2-2-13b)�#+�.1�˶ ǱȤ8ˉÎΚŲ9©6 H-ÇīÎ8ʁĉŧʠŪůǋ6ƷΩPĠA#�ù
ţȾͦ8ͮ��X{�^���wia��6ĢȒ"ML 3�ȐJ�35.+� 
 
  

ba
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āüāüāý�CD�_ťhŢÔ�@ë/	Řoé J�Ð÷

� ˛˪ʠ5ùţ̬̩6IK�ùţȾͦ3X{�^���wia��8ʧΏPȐJ�3#+�#�#

5�J�͍ùţΝīÎ8ȓΎʞƆʋ́9ùţ 18C6̤ɯ"ML˨ȴ35.+�%5O-�½ļ8
ùţ̬̩�J9�ùţȾͦ8Ǻŕ6ILȓΎʞƆʋ́8̵žȤ8ÿ˚9̘� 392�5�.+� 
� Īùţ8X{�^���wia��PʩE1CL3�ùţ 13 294-JF�ůȓΎŪů6 J-Ç
īÎPƴǖ%L�F# 8 2 /8ùţPɪ(īO'L 32îΝīÎPƴǖ%L 3�2�M:�
�|���JîΝīÎƴǖ3��Ȇ+5˧͑�Ⱦ˔"M�˨ ȴʠ6ȓΎʞƆʋ́8̵žȤPÿ˚ħ

˾35L 3�Ȥƻ2�L�) 2�ùţ 13 28îΝīÎ�J5L͍ùţgit�8Ⱦ˔6IK�
ȓΎʞƆʋ́8̵žȤ8ÿ˚P̱C+� 
 
āüāüāüĀý�@ Ā ŕ ā Ř�ë/	V`÷

� ùêŧʠǜɟPF-�1�ùţ 13 28îΝīÎƴǖ6/�1ȹ̪#+� 
 

 

 
5 āüāüĀăý÷øģù�ë/	øĀúāùĘĚ Ř0+ŻƕųƅƠøġĀĢúġāĢ÷ċ÷Ąÿ÷µėùøĤù�ë/	øĀúāùĘĚ Ř čĎ ŻƕųƅƠ÷ øĥù÷ �@

Ā ŕ ā Ř�/�ŗGōŢ čĎ URŘ:%øλ ċ÷ăăą÷İįù÷

 
� ùţ 13 2PÅǑ8Ćī2ɪī#+�q�g_��]e�ɳɧ6/�1�İģi�_v�ɯůP
̘.+�)8˨ȴ�ì18ɳɧ2 J-ÇīÎ6ʆǃʠ5İģi�_v��̤ɯ"M+(ŀ 2-2-14a)�ɇ
6� MJ8ɳɧ8 CD i�_v�ɯůP̘.+�ùţ 1 8 J-ÇīÎ(1NP)9 CD £ɣǋ2�.+
(ŀ 2-2-14b Σˮ)��ȇ�ùţ 28 J-ÇīÎ(2NP)29�̓ 8crv�Ďȴ�̤ɯ"M+ (ŀ 2-2-14b 
͋ˮ)�̅Ĳɨ� 36�ùţ 16ź#1ùţ 2� 5-30 %ɪī"M+ɳɧ29�ɉ8crv�Ďȴ
�̤ɯ"M+(ŀ 2-2-14b, c)� 8˨ȴ9�ùţ 13ùţ 2Pɪī%L 32�Ȇ+5͍ùţΝīÎ
�ƴǖ"M+ 3Pʸ#1�L 18�#+�.1�J-ÇīÎ�J5LîΝīÎx|˗ţ(1+2)NP 8ƴ
ǖ�ȐJ�35.+(ŀ 2-2-15)� 

 
5 āüāüĀĄý÷ �ë/	øĀúāùĘĚ Řoé J�ÐXŘ ČĐė V��÷ ÷

øġĀĢþġāĢċĆþĂĿĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷

380

3

–3
460420

2
1
0

–1

b

–2

C
D

 (m
de

g)

1NP only
[1]/[2] = 95/5 to 75/25
70/30
60/40 to 40/60
2NP only
1 monomer (at 363 K)

380 460420

3.0

0

2.0

1.0

a

Ab
so

rb
an

ce

446

Wavelength (nm)
0

3

–3
10050

2
1
0

–1

c

–2

at 446 nm

[2]/([1]+[2])x100 (%)Wavelength (nm)

C
D

 (m
de

g)
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5 āüāüĀąý÷ øģù÷ �@ Ā ŕ ā Ř�/��Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ ĕ÷įīİüĀĿ

ġĀĢúġāĢ÷ċ÷Ąÿ÷µėĿġĀĢþġāĢċĆþĂù÷øĤù�'Þ¨ŗŃňŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷

 
� ùţ 13 28ɪīɑPŕ�+�q�g_��]e�ɳɧ6/�1�ɮƥħŕİģi�_v�ɯů
P̘.+(ŀ 2-2-16a)�ɳɧ8ôě6É�İêƥŕēPɮƥ6ź#1��rv#+3 N�ùţ 13
2 8ɪīɑ6ÔJ&�Ĭȿ8ŕē�̤ɯ"M+(ŀ 2-2-16b)� 8 3�J�(1+2)NP 8ʁĉŧʠŪ
ůǋ9�1NPG 2NP3Ĭ˃ƥ2�L 3�ȐJ�35.+� 
 

 

 

 
5 āüāüĀĆý÷øģù÷āĘĚ ś ĀĘĚ ť�"ŋŏŉŕŗ�ł čĎ ŻƕųƅƠ:%÷ øġĀĢċġāĢċ÷Āÿÿ÷µėû÷ġĀĢĉġāĢċ÷ĆĉĂù÷øĤù÷āĘĚ ś ĀĘĚ

ť�"ŋŏŉŕŗ�ł ăăą÷İį Ř čĎ URŘoé:% 

 
� 2NP8�q�g_��]e�ɳɧ6ź#1�1NP8ɳɧPċ�+3 N�̅Ĳɨ� CDi�_v
�ŕē�̤ɯ"M+�2NP8ɳɧ9�̓ 8crv�ĎȴPʸ#1�L(ŀ 2-2-17a Σˮ)�) > 1NP
8ɳɧPɫċ%L3�%�"B CDi�_v�ŕē�̤ɯ"M�10ùƽ69ɉ8crv�ĎȴPʸ
% CDi�_v��̤ɯ"M+� M9�(1+2)NP8ƴǖPʸ#1�L�%5O-�x|˗ţ3�
|��8Ύ29�˫�&ùţ8ëMȝ��͌�1�L 3�ȐJ�35.+� 
 
 
 
 
 

313
Temperature (K)

353333
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so
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an

ce
 a

t 5
61

 n
m

373

0.2

(v)
(iv)
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(ii)
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0

0.4
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0.8

500 650600
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308 K
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so
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b
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[1]/[2] = 7/3 (v/v)
2 only

[1]/[2] = 9/1 (v/v)
1 only
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430 460440420
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2
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12 min
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āüāüāüāý�ë/	V`V`ť��ŋŏÔ�@ë/	Řoé JƒƢŴƞƚ÷

� ùţ 13 2�J5LîΝīÎ(1+2)NP8ȓΎŕēPİģi�_v�ŕē6I.1͞…#�)M*
M8ȓΎʞƆʋ́P̵žȤ�J̰Õ#+� 

 

 
 
5 āüāüĀćý÷øģù÷ 0+ŻƕųƅƠ:%ŗşŢoé J�ÐŘÚÕ÷ øīù÷ġĀĢ÷ċ÷Ąÿ÷µė÷øīīù÷ġĀĢ÷ċ÷ĂĄ÷µė÷øīīīù÷ġĀĢ÷ċ÷ăĄ÷µėû÷ġāĢ÷

ċ÷Ą÷µė÷øīĶù÷ġĀĢ÷ċ÷ăÿ÷µėû÷ġāĢ÷ċ÷Āÿ÷µė÷øĶù÷ġĀĢ÷ċ÷ĂĄ÷µėû÷ġāĢ÷ċ÷ĀĄ÷µė÷øĤù÷ 0+ŻƕųƅƠ:%ŗşŢoé J�ÐŘÚ

ÕĊ÷�Dè> Āÿ �Xŗ÷ øĶīùƛƁƠŹųƢƓűŷƣ�"÷ ġĀĢ÷ċ÷ĂĄ÷µė÷øĶīīù÷āĘĚ ť�"÷ ġĀĢ÷ċ÷ăÿ÷µėû÷ġāĢ÷ċ÷Āÿ÷µė÷

 
� ùţ 1 8C8Ŏī�ŀ 2-2-18 6ʸ#+(i)3(ii)8˨ȴPɑ͕%L3�ùţ 1 8ɹƥ�Í�@��
̵žȤ9ʮ�5.+� M9�1NP 8ƴǖ(pathway B)3 1NF 8ƴǖ(pathway A)�ʚ5L˧͑(off-
pathway)2�L 36͌Ľ#1�L��ȇ�ùţ 13 2Pɪī#+Ŏī�ŀ 2-2-186ʸ#+(i), (iii), 
(iv), (v)8˨ȴ�JȐJ�5I�6�ùţ 2 8Ćī�ř��5L@4̵žȤ9΋�5.+�%5O
-�îΝīÎ(1+2)NP 8ȓΎʞƆʋ́29ùţ 1 8ɹƥ�Í�5L@4̵žȤ�΋�5K�ùţ 1
8C8Ŏī39͠8âĮ�̤ɯ"M+(ŀ 2-2-18a (ii)3(v)Pɑ͕)�̅Ĳɨ� 36�ȓΎʞƆʋ́
2̡JM+İêƥŕē8ř�"9�îΝīÎ(1+2)NP6įBMLùţ 18ɹƥ6Ôť#1�+(ŀ 2-
2-18a)� M9�H-ÇīÎ>8ƴǓ͓ˁ6ùţ 1 8C�Ώ¤#1�L 3Pʸ#1�L�ŰΙ6�
ȓΎʞƆƽ8 MCHɳɧP SiVX}�6i��c�v# AFM2̤Ÿ#+3 N�x|�RU~�
3x|˗ţ8¦ȇ�̤ɯ"M+(ŀ 2-2-19)� MJ8 3�J�ùţ 13 29)M*M 1NF3 2NP
>ȓΎʞƆʠ6̂ƕΝī#1�L 3�ʸ"M+(self-sorting)19�Â¡�J�ùţ 2�Ύǭʠ�/ͥ
ƥ̻ʠ6ùţ 18ȓΎʞƆʋ́8̵žȤ6ƷΩPĠA#1�L 3�ùţ 18ȓΎʞƆʋ́9��
`��ħ˾2�L 3�ȐJ�35.+� 

 

 
5 āüāüĀĈý÷ �ë/	øĀúāùĘĚ Řoé J�ÐXŘ ČĐė V��÷ ÷

øġĀĢþġāĢċĆþĂĿĜī ūŬƋƥĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù�
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5 āüāüāÿý÷ �ë/	øĀúāùĘĚ Řoé J�ÐŘƛůƈżƚ÷

 
� îΝīÎ(1+2)NP8ȓΎʞƆʋ́8�[yj�9�ŀ 2-2-208ɂƬŀPF-�1̷Ȑ%L 3�
2�L�ùţ 13 2P MCHɳɧ6ùǿ"'L3“Shuffling”6IKîΝīÎ (1+2)NPPƴǖ%L�
(1+2)NP9ɲŪůʇǓ2�K�ȓΎ˧ͬ6É��|��ʇǓ6�Lùţ 13 28¨�Jùţ 18C
�“Selection”"M 1NF 8ȵPƴǖ%L��.+Q 1NF 8ȵ�ƴǖ"ML3�ùţ 1 9ʁĉŧʠ6
Ūů5 1NF>�ùţ 29 2NP>)M*M̂ƕΝī%L(self-sorting)�ùţ 28ɪīɑ�ř��5L
@4��|��ʇǓ6�Lùţ 1 8Ćī�ſ"�5K�˨ȴʠ6 1NF 8ȵƴǖ9͌ K6��5
L�%5O-�(1+2)NP8ȓΎʞƆʋ́8̵žȤ9�“Shuffling”3“Selection”8~��i6I.1�
�`��"M1�L�Â¡�îΝīÎ(1+2)NP8ȓΎʞƆʋ́8�[yj�2�L� 
� ̅Ĳɨ� 36�ȓΎʞƆ��`��9¡Ȝ�ħ˾2�L 3�ȐJ�65.+�ŀ 2-2-17 8
CD i�_v�ŕē�J��|��3îΝīÎΎ8“Shuffling”9ȁùia��2̘ͨ#1�L 3
�ʸ"M1�L��ȇ�1NF 8ȵƴǖͬ˃2�L“Selection”9ȁȓΎia��2̘ͨ%L� 8 
3�J�(1+2)NPPF-�+ȓΎʞƆ��`��9�üȤ8ùţ 13 28ɪīɑ6Ôť'&�ƽ�
J�q�g_��]e�G 2NPPɫċ%L 32�¡Ȝ�2�L 3�Ȥƻ"ML�ŰΙ6�ɯů
΍š 10 ùƽ6�q�g_��]e�Pɫċ#+Ŏī9̵žȤ�ʮ˲"M�2NP Pɫċ#+Ŏī9
̵žȤ�ƫ΋"ML 3�ȐJ�35.+(ŀ 2-2-18b)�%5O-�1NP � 1NF >ȓΎʞƆ%L̵
žȤ8ͣ¨2 2NPPɫċ%L3�“Shuffling”P˧1�(1+2)NPPƴǖ%L�)8˨ȴ�Ƴü9ùţ
18C2��`��"M1�+ȓΎʞƆʋ́�ƽ�Jɫċ#+ùţ 26IKͫƫ"M+�#+�.
1�ȓΎʞƆ��`��9¡Ȝ�ħ˾2�L 3�ʸ"M+� 
 
 
 
  

1
2

1·1

1·1

1·2

2·2

1·1·1·1·1·1·1

Nucleation only 
from 1

Elongation 
from the 
nuclei

'Selction'

Coassemble through 
isodesmic model

'Shuffling'

Competition that
determines t50

Pool of 
components

(1+2)NP 1NF



 35 

āüĂýµÎ÷

� Ȩˊ29����T��̵žÎ8̂ƕΝīͬ˃6CJMLȓΎʞƆʋ́6ʪʥ#�ùţȾͦ3X

{�^���wia��8ʧΏ8̦Ȑ��I=�X{�^���wia��6Ō0�͍ùţΝīÎ

ƴǖ8ͥƥ̻ʠÿ˚Pʥʠ3#1ʰˇP̘.+�˶ ǱŌ8ˉÎΚŲ6Ō0�˛˪ʠ5ùţ̬̩3ʁ

ĉŧ�u�PF-�+͍ùţΝīÎƴǖ8̦ȱ6I.1�ùţȾͦ3X{�^���wia��8

ʧΏPȐJ�3#+�"J6�X{�^���wia��6Ō0��ùţ 13 28îΝīÎƴǖP
þʔ%L 32�͍ùţΝīÎƴǖ8ȓΎʞƆ��`��6ǖĊ#+� 8ȓΎʞƆ��`��9

¡Ȝ��ħ˾2�L 3FȐJ�3#+� 
� Ȩʰˇ2F-�+͍ùţΝīÎ8ȓΎʞƆʋ́9S��Uwˮˬ8ƴǖ�[yj�6ΰËǋP

ʸ#1�L�ȓΎʞƆ��`��6I.1̵žȤPͫƫ"'L 3�ħ˾2�L 3�J�S��

UwˮˬƴǖPΐŲ%Lǜɟ3#1Ǉʔħ˾2�L 3�Ȥƻ"ML�B+�Ȩˊ2ȐJ�3#+

ʭ̡PŌ6�ȓΎ͔PĤKëM+ȪȄ̬̩P̘� 32�ȓΎ8ɤM8¨2̂Ƽʠ6Ʉ˾ē%LȪ

Ȅ8ć̝FŘ295�5L,N�� 
 

 
�

5 āüĂý÷ t¬Řz]5÷
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āüăýEó÷

 
āüăüĀýƗƠƐũƟƣÌI	øāû÷ĂùŘ/`÷

� ʆ6̛̫85�ΒK�̱̔�I=ɳŢ9�ƗͅĶP˚̝'&)8BBF-�+�°ʂɳŢ9�Ɨ

ͅ"M1�LF8PF-�+�ì18ĢǇ9S�d�ΡĿɓ¢2̘.+�īǖ9i]�� 2-4-1�2-
4-26̫#+ȬÄ2̘.+�S119�S25�S359Ȋō6ƾ�īǖP̘.+� 
 
Żűƥƚ āüăüĀ÷

 

 

N

NN

N
Zn

NH

O
OC12H25

OC12H25

OC12H25

O

HN

O
C12H25O

C12H25O

C12H25O

O

OH

OH

N

NN

N
Zn BrBr

OTBDPS

OTBDPS

NH

O
OC12H25

OC12H25

OC12H25

OB
O

O
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S4

1) Pd(PPh3)4, Na2CO3,
    DMF, EtOH, H2O
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O
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2
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āüăüĀüĀý%/� Ĝă Ř/`÷

� ēīʅ S1 (293 mg, 0.221 mmol)�S2 (504 mg, 0.540 mmol)�ɻͼxv�V� (135 mg, 1.28 mmol)P
N,N-h�q����S�w (45 mL)�Xo|��(5 mL)�̓ʘɔ(5 mL)6ɳ̦"'+�) >tv�
]i(v��Wy��i�T�)��hV�(0) (20.4 mg, 0.018 mmol)Pċ��100 ˚C2 24ȓΎċʁǶ
ǤP̘.+�ĢǇɳɧPűɮB2Ǽô#+8-�_�����Pċ��ȠɄʧP̓ʘɔ2ɢɥ#+�

ȠɄʧPɽɔʳͼ�`{gV�6IK°ʂ"'+�[��_��v`��T�(g�[b��_��
���:Skv�=10:1)6IL˚̝P̘.+8-�ƿJM+ŁÎP°ʂ THF(120 mL)6ɳ̦"'+�
) >tv��q�S��yV���Z�w(1 M THFɳɧ, 700 µL)Pċ��űɮ2κȓΎǶǤP̘
.+�ĢǇɳɧ>ͺͼXq�Pċ��ȠɄʧP̓ʘɔ2ɢɥ#+8-�ʳͼxv�V�2°ʂ"'

+�[��_��v`��T�(g�[b��_�����:Skv�=5:1)�I=b�[��_��
v`��T�(Bio-Beads SX-1, h_���o�)6IL˚̝P̘��ēīʅ S4 Pˡ̉8ŁÎ3#1
ƿ+(283 mg, ģʊ: 59 %)�Ĭů9�NMRɯů�MALDI-TOF-MS�çˠùȱ�J̘.+� 
 
1H NMR (CDCl3, 298 K) δ 0.80-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.40-1.46 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 2.31-
2.34 (4H, m, -NH-CH2-CH2-CH2-O-), 3.82-3.85 (4H, m, -NH-CH2-CH2-CH2-O-), 3.98-4.07 (12H, m, CH3-
(CH2)8-CH2-CH2-CH2-O-), 4.42-4.44 (4H, m, -NH-CH2-CH2-CH2-O-), 5.32 (2H, s, HO-), 6.69 (2H, t, J = 5.2 
Hz, -NH-CH2-CH2-CH2-O-), 7.06 (4H, s, C6H2), 7.20-7.29 (8H, m, C6H4), 8.03 (4H, d, J = 8.8 Hz, C6H4), 8.08 
(4H, d, J = 8.8 Hz, C6H4), 8.90 (4H, d, J = 4.8 Hz, β-pyrrole), 8.92 (4H, d, J = 4.8 Hz, β-pyrrole).; 13C NMR 
(CDCl3, 298 K), δ 14.07, 22.61, 22.66, 26.09, 29.19, 29.26, 29.37, 29.56, 29.65, 29.71, 30.31, 31.83, 31.89, 
38.56, 67.06, 69.43, 73.53, 105.67, 112.46, 113.55, 120.22, 120.58, 129.29, 131.50, 131.66, 134.91, 135.48, 
135.55, 135.65, 141.24, 150.11, 150.24, 153.61, 158.07, 167.75.; MALDI-TOF mass (dithranol): calcd. for 
C136H194N6O12Zn: 2168.41; found: 2168.97.; Elemental Analysis: calcd. for C136H194N6O12Zn(CHCl3)0.4 (%): C, 
73.86; H, 8.83; N, 3.79; O, 8.66; Zn, 2.95: found: C, 73.79; H, 8.88; N, 3.73. 
 
 
āüăüĀüāý%/� ā Ř/`÷

ēīʅ S4 (65.2 mg, 30.0 µmol)�(R)-(+)-2-�Wy�-1-���|�� (12 µL, 88 µmol)�v��Wy�
�i�T�(22.8 mg, 86.9 µmol)P THF (0.75 mL)6ɳ̦"'�0 ˚C6ôě#+�) 6Snh[��
�ͼhUm����(40 %v�X�ɳɧ�1.9 M) (46 µL, 87.4 µmol)Pċ��65 ˚C2�ȔċʁǶǤP
̘.+�ĢǇɳɧPűɮB2Ǽô#+ƽ�ͺͼXq�Pċ��ȠɄƈPβŐɔ2ɢɥ#+�ȠɄƈ

Pɽɔʳͼxv�V�6IK°ʂ"'+�[��_��v`��T�(g�[b��_�����:
Skv�=200:1)6IL˚̝P̘��ēīʅ 2Pˡ̉8ŁÎ3#1ƿ+(50.1 mg�ģʊ: 69 %)�Ĭů
9�NMRɯů�MALDI-TOF-MS�̗ɼɯů�çˠùȱ�J̘.+� 
 
m.p. = 76-79 °C; 1H NMR (CDCl3, 298 K), δ: 0.77-0.87 (m, 18H), 1.10-1.30 (m, 100H), 1.39-1.43 (m, 8H), 
1.59 (d, J = 6.8 Hz, 6H), 1.69-1.82 (m, 12H), 2.24 (t, J = 5.6 Hz, 4H), 3.44 (m, 2H), 3.65 (br, 4H), 4.00 (m, 
12H), 4.26 (t, J = 8.4 Hz, 2H), 4.38 (br, 6H), 6.61 (t, J = 5.6 Hz, 2H), 6.92 (s, 4H), 7.24-7.33 (m, 10H), 7.39-
7.46 (m, 8H), 8.09 (d, J = 8.4 Hz, 4H), 8.11 (d, J = 8.4 Hz, 4H), 8.93 (d, J = 4.4 Hz, 4H), 8.95 (d, J = 4.4 Hz, 
4H); 13C NMR (CDCl3, 298 K), δ: 14.07, 18.30, 22.62, 22.66, 26.08, 29.13, 29.27, 29.36, 29.56, 29.66, 29.72, 
30.31, 31.84, 31.90, 38.48, 39.84, 67.22, 69.39, 73.48, 73.72, 105.59, 112.49, 112.65, 120.37, 120.72, 126.72, 
127.54, 128.58, 129.45, 131.72, 131.90, 135.27, 135.35, 135.47, 135.82, 141.15, 143.71, 150.35, 150.47, 
153.08, 158.18, 158.61, 167.42; MALDI-TOF mass (dithranol): calcd. for C154H214N6O12Zn: 2404.56; found: 
2405.28; Elemental Analysis: calcd. (%): C, 76.85; H, 8.96; N, 3.49; O, 7.98; Zn, 2.72: found: C, 76.90; H, 
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9.26; N, 3.26. 
 
 
 
Żűƥƚ āüăüā÷

 
 
 
āüăüĀüĂý%/� Ă Ř/`÷

� ēīʅ 38īǖ9�ēīʅ 28īǖ3Ĭȿ6�(R)-(+)-2-�Wy�-1-���|��ÁOK6ù
ţ S3PF-�L 32̘.+ (ģʊ: 58 %)�Ĭů9 NMRɯů�MALDI-TOF-MS�̗ɼɯů�ç
ˠùȱ�J̘.+� 
 
m.p. = 189-192 °C; 1H NMR (CDCl3, 298 K), δ: 0.82-0.90 (m, 18H), 1.10-1.36 (m, 100H), 1.41-1.50 (m, 8H), 
1.70-1.83 (m, 12H), 2.08 (t, J = 5.6 Hz, 4H), 3.23 (br, 4H), 3.94-4.00 (m, 12H), 4.31 (t, J = 5.2 Hz, 4H), 6.40 
(t, J = 5.3 Hz, 2H), 6.57 (s, 4H), 7.26 (s, 2H), 7.29 (d, J = 8.4 Hz, 4H), 8.17 (d, J = 8.4 Hz, 4H), 9.12 (d, J = 
4.8 Hz, 4H), 9.39 (d, J = 4.8 Hz, 4H), 10.23 (s, 2H); 13C NMR (CDCl3, 298 K), δ: 14.09, 22.64, 26.12, 28.88, 
29.30, 29.40, 29.59, 29.67, 29.74, 30.34, 31.87, 31.91, 38.19, 67.26, 69.33, 73.48, 76.69, 105.30, 106.00, 
112.64, 119.28, 128.91, 131.56, 132.27, 135.79, 141.05, 149.35, 150.29, 152.91, 158.16, 167.26; MALDI-
TOF mass (dithranol): calcd for C124H186N6O10Zn: 1984.36; found: 1985.36; Elemental Analysis: calcd. (%): 
C, 74.98; H, 9.44; N, 4.23; O, 8.06; Zn, 3.29: found: C, 74.99; H, 9.32; N, 4.26. 
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āüăüāý.©�D÷

� NMRɯů69 JEOL ECS-400(400 MHz)PÒʔ#+�MALDI-TOF-MSi�_v�ɯů69

SHIMAZU AXIMA-CFR Plus stationPÒʔ#+�̗ɼɯů69Yanako NP-500PPÒʔ#+�ˡŖħ̣

İģi�_v�ɯů69JASCO V-6306JASCO ETCL-761ɮƥħŕɯůʔk���p�PĤKÀ�

1Òʔ#+�̖êi�_v�ɯů69JASCO FP-85006JASCO ETC-815ɮƥħŕɯůʔk���p

�PĤKÀ�1Òʔ#+�CDi�_v�ɯů69JASCO J-725PÒʔ#+�AFM̤Ÿ69SII S-image, 

NanoNaviReal probe station (dynamic mode)PÒʔ#+� 

 
āüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

� ɮƥħŕİģi�_v�ɯů69�i_���]�r�À�ʯ̋k�(0.1F#�9 1.0 cm)PF-
�+�ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-16Łů#+� 
 
 
āüăüāüāýoé�A0+ŻƕųƅƠ�D÷

� İģi�_v�ŕē8ȓΎÔťǋ9�i_���]�r�À�ʯ̋k�(1.0 cm)6�U_�ǶǤ
ţPëM�400 r.p.m.8ǶǤͥƥ2ǶǤP̘�5�Jɯů#+� 
 
�

āüăüāüĂý�R,:Á�ŻƕųƅƠ�D÷

� ɮƥħŕ̖êi�_v�ɯů69�i_���]�r�À�ì͡Ȑʯ̋k�(1.0 cm)PF-�+�
ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-16Łů#+� 
 
 
� �
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­ƨ¬÷ �@{ÜŘ�ńŖàŁŅTņãŕŖŢÔ�@ë/	Ř� ¢oé J�Ð÷

 
ĂüĀýQÎ÷

 
� ēŧ˻9�ʒĴùţgit��JʪǐPƿ1�ùţ8̂ƕΝīPþʔ#+ȿ�5͍ùţgit�

PȾ˔#1�+ 1-6�#�#5�J�¼Ƒ͍ùţgit�9̞Ξ"GɄ˾ǋ3�.+̤ɼ�J�ʒĴ

ùţgit�69ͯ�Ġ:5�� 8ͮ�9�ʒĴùţgit��ʁĉŧʠƞ̚295�Υƞ̚ʇ

Ǔ6�L 36ʖȭ%L 7�Υƞ̚ʇǓ6��19�ʁĉŧʠŪůǋIKFD#N̂ƕΝī8˧͑

6Ôť#+ȾͦGɄ˾�ćʞ"ML 8-12� 
� Prigogine9�Υƞ̚ʇǓ6��1ȓˈΎʠ6ƴǖ"MLʿƢȾͦPǿͩȾͦ3ĭÀ�+ 13� 8

I�5ʇǓ��19üȤȬÄ8@Q8ã�5ͮ��ȓΎ8ɤM8¨2ŒƝ"M�Ȟ˥ʠ6ì�ʚ5

LʿƢ�ćʞ"ML 13, 14�̅Ĳɨ� 36�üȤÞ6΄ǽ5̂ƕΝīĜƕ˦˴ēʋ́9�_��

J�_�B2ȿ�5ia��2̤ɯ"ML 15�F-NQ�ùţFÓŖ295�� 
 

 
 

5 ĂüĀüĀý÷ ��ä	V`ŗŃňŢ� ¢¿Në/ Āą÷

 
� ′Ɵ�͍ùţΝīÎ8ƴǖ6��1F�ã�5ͮ��Ȟ˥ʠ5˨ȴ6ř�5ͮ�PĠA%ʋ́�

̤ɯ"M1�L�Fujita J9�µƦ͹Ìţ(L)3µÕ��hV�UZ�(M)8ʌʇ΅Îƴǖͬ˃6�
�Lćʞʠ5̂ƕΝīPōı#1�L 16�ŀ 3-1-1 6ʸ%͹Ìţ(L)3µÕ��hV�UZ�(M)8
΅ƴǖĢǇP̘� 32�͹Ìţ(L)8͹Ì̥ƥ6Ǉ$�ʌʇ΅Î M12L24F#�9ʌʇ΅Î M24L48

�)M*Mę��/ů΀ʠ6ƴǖ"ML�ΥƜ6̅Ĳɨ� 36�ã� 3˚8͹Ì̥ƥ8ͮ�6I.
1�Ȟ˥ʠ6ƴǖ"MLʌʇ΅Î�Ĉʠ6úKȝOL 3�ȐJ�3"M+�Fujita J9�͹Ì̥
ƥ8ã�5ͮ��ŗȁ8Ⱦǖ̠ˠ�J5L̂ƕΝīͬ˃2ŒƝ"M+˨ȴ�ćʞʠ5̂ƕΝī�̤

ɯ"M+3͝?1�L� 8˨ȴ9�Ǘ�63.19ã�3Fǉ�LùţȾͦ8ͮ���͍ùţΝ

īÎƴǖ6ź#1΄ǽ6ƷΩPĠA% 3Pʅ̶.1�L� 

Fujita et al.
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� ˍλˊ6��1����T��̵žÎ8ùţȾͦ8ͮ��X{�^���wia��6ƷΩPĠ

A% 3PȐJ�3#+ 17,18� 8˨ȴP Fujita J8ōı3īO'1˺�L3�ùţȾͦ8ã�5
ͮ��̂ƕΝīǨď6ĠA%ƷΩP̲ˣ6ȹ̪%L 39�ùţȾͦ3X{�^���wia��

8ʧΏPȐJ�3%L+E6;̠2�L3˺�JML� 
� Ȩˊ29�ùţȾͦ8ã�5ͮ��͍ùţΝīÎ8ȓΎʞƆʋ́6ĠA%ƷΩ6/�1̲ˣ6ȹ

̪#+�ïÎʠ69�S�]�Έ8΋"8ʚ5Lùţ 4-7PF-��ùţȾͦ3X{�^���w
ia��8ʧΏPȐJ�3#+(ŀ 3-1-2)�ΥƜ6̅Ĳɨ� 36�ùţȾͦ8ã�5ͮ��ȓΎʞ
Ɔʋ́8˧͑6ƷΩPĠA#�ì�ʚ5L͍ùţΝīÎ>3ƴǓ͓ˁ%Lćʞʠ5ȓΎʞƆʋ́P

ʞ̡#+�)8̲ˣ6/�1͝?L(ŀ 3-1-3)� 
 

 
 

5 ĂüĀüāý÷ �@ Āüć Ř�@{Ü÷

 

 
�

5 ĂüĀüĂý÷ t¬Řz]5÷ ÷
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Ăüāýµxŕ½F÷

 
ĂüāüĀý�@ ăüĆ ŘƇƊ¯@V`Þ¨ŘË�÷

� ùêŧʠǜɟ�I= AFM PF-���q�g_��]e�¨6��Lùţ 4-7 8x|˗ţ8ƴ
ǖͬ˃P̰Õ#+� 
 

 

 
5 ĂüāüĀý÷ øģù÷ ��Ř�'ŗ�ł�@ ą Ř¿Në/c$÷ øĤùąĘĚ Ř ČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷

İįù÷øĥù�@ ą Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċĄÿ÷µėù÷øĦù�@ ą Ř�'

Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ĄąĄ÷İįù÷øħù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ąĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĨù÷Ķģİļĵ÷

ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷

 
� ŀ 3-2-16ùţ 68ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�373 K�J 283 KB2ôěP̘
.+3 N�J-ÇīÎ8ƴǖPʸ%İģi�_v�ŕē�̤ɯ"M+(ŀ 3-2-1c)�J-ÇīÎ8ɳɧP
HOPGŌȰ6i��c�v#�AFM6IK̤ŸP̘.+�)8˨ȴ�J-ÇīÎ9θ"˝ 4 nm8x
|˗ţ (6NP)2�L 3�ʴ�EJM+(ŀ 3-2-1b)� 
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� ɇ6�6NP 8İģȻřɠ΋ 565 nm (Q ƚ)6��LİêƥŕēPɮƥ͔6ź#1��rv#+3
 N�g`�Uwņ8ŕē�̤ɯ"M+(ŀ 3-2-1d)� 8˨ȴ9�6NPƴǖ� isodesmic�u�6I
.1̦ȱħ˾2�L 3Pʸ#1�L 19�#+�.1�ˍλˊ8ùţ 28Ŏī3Ĭȿ6�isodesmic
�u�PF-�1 6NP8ƴǖͬ˃Pʁĉŧʠ6̰Õ#+� 
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 

 
� ̦ȱ69�J-ÇīÎx|˗ţ8İģȻřɠ΋ 565 nm (Qƚ)PF-�+�)M*M8ɮƥ6��1
ƿJM+αNPPɹƥ6ź#1��rv#+3 N�g`�Uwņ8ŕē�̤ɯ"M+(ŀ 3-2-1e)�"
J6�isodesmic �u�8ɹƥÔť8Ƭ(2)PF-�1̦ȱP̘.+(̛ 3-2-1)�)8˨ȴƿJM+ƞ
̚ůȁ KIPF-��van’t Hoff 8Ƭ(3)�Jx|˗ţƴǖ6��LɁɲX�o���ŕē(ΔH˚)�I
=ɁɲX�v���ŕē(ΔS˚)�308 K 6��L̂ʖX{�^�ŕē(ΔG˚)P)M*MɖE+(ŀ 3-2-
1f)�Â¡�J�6NPƴǖ6��Lʁĉŧʠ����o9)M*M�ΔH˚= –83 kJ mol-1�ΔS˚= –178 J 
K-1mol-1�ΔG˚= –27.5 kJ mol-13˒ø"M+� 
� ùţ 4�5�76Ώ#1FĬȿ6�ċʁ#+�q�g_��]e�ɳɧ8ôě6É��J-ÇīÎx
|˗ţ�ƴǖ%L 3�ȐJ�35.+(ŀ 3-2-3)�B+�ùţ 6 8Ŏī3Ĭȿ6 isodesmic �u�
PF-�+̦ȱP̘� 32�)M*M8x|˗ţƴǖ6��Lƞ̚ůȁ�I=ʁĉŧ����o

PɖE+(ŀ 3-2-4�3-2-5�3-2-6�̛ 3-2-2�3-2-3�3-2-4)� 
� ùţ 4�5�6�78x|˗ţƴǖ6��Lʁĉŧʠ����oP̛ 3-2-56B3EL�)8˨ȴ�
x|˗ţƴǖ6��Lʁĉŧ����o9�ùţȾͦ8ͮ�6ÔJ&Ĭ˃ƥ8ř�"2�.+�#

+�.1�S�]�Έ8΋"8ͮ�9 J-ÇīÎ8ʁĉŧʠŪůǋ6ƷΩ#5� 3�ʸ"M+� 
M9�J-ÇīÎ6��19ùţĬŔ9&M1Ν˅#1�K�S�]�Έ8΋"8ƷΩPĥ�5�+
E,3˺�JML� 
�

 
 
 
 
 
 
 
 
 

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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Ã ĂüāüĀý÷ .�RŗŃňŢ ąĘĚ V`ŘPÂDj ĕē÷

 
ɮƥ 
(K) 

ƞ̚ůȁ KI 
(M(1) 

333 4.6
103 
328 6.8
103 
323 1.0
104 
318 1.6
104 
313 2.6
104 
308 4.4
104 
303 7.7
104 
298 1.4
105 
293 2.7
105 

 
 
 
 
 
 
 
 

 
 

5 ĂüāüĂý÷ČĐė V��÷ øģùăĘĚ÷øĤùĄĘĚ÷øĥùĆĘĚ÷ ÷

øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷

 
 
 
  

ba c
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5 Ăüāüăý÷ øģù�@ ă Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġăĢċĄÿ÷µėù÷ øĤù�@ ă

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ăĘĚ V`Þ¨ŘƐũƂƃũƣŴ

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷

 
 
 

Ã Ăüāüāý÷ .�RŗŃňŢ ăĘĚ V`ŘPÂDj ĕē÷

�

ɮƥ 
(K) 

ƞ̚ůȁ KI 
(M(1) 

333 5.0
103 
328 7.5
103 
323 1.1
104 
318 1.8
104 
313 2.9
104 
308 4.8
104 
303 8.3
104 
298 1.5
105 
293 2.8
105 
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5 ĂüāüĄý÷ øģù�@ Ą Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĄĢċĄÿ÷µėù÷ øĤù�@ Ą

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĄĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈćù÷

 
 
 

Ã ĂüāüĂý÷ .�RŗŃňŢ ĄĘĚ V`ŘPÂDj ĕē÷

 
ɮƥ 
(K) 

ƞ̚ůȁ KI 
(M(1) 

333 4.3
103 
328 6.6
103 
323 1.0
104 
318 1.5
104 
313 2.5
104 
308 4.3
104 
303 7.5
104 
298 1.4
105 
293 2.8
105 
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5 Ăüāüąý÷ øģù�@ Ć Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĆĢċĄÿ÷µėù÷ øĤù�@ Ć

Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ ċ÷ ĄąĄ÷ İįù÷ øĥù�R�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĆĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷

øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù�

 
 
 

Ã Ăüāüăý÷ .�RŗŃňŢ ĆĘĚ V`ŘPÂDj ĕē÷

 
ɮƥ 
(K) 

ƞ̚ůȁ KI 
(M(1) 

333 4.6
103 
328 6.8
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323 1.0
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318 1.6
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308 4.2
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�

�

�

Ã ĂüāüĄý÷ ƇƊ¯@V`ŗŃňŢ� Bƍƞƛƥƀ÷

�

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

4NP (82 (175 (27.7 
5NP (84 (182 (27.5 
6NP (83 (178 (27.5 
7NP (80 (171 (27.4 
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ĂüāüāýÔ�@ë/	Ř� ¢oé J�Ð÷

� ùêŧʠǜɟ�I= AFMPF-���q�g_��]e�ɳɧ¨6��Lùţ 4, 5, 6, 78x|
˗ţ�ʸ%ȓΎʞƆʋ́P̰Õ#+�)8˨ȴ�ùţ 53 6Pő3#1�x|˗ţ�ì�ʚ5L͍
ùţΝīÎ>)M*MƴǓ͓ˁ%L 3PȐJ�3#+�)8̲ˣ6/�1Â¢6͝?L� 
 
ĂüāüāüĀý�@ ăûĄ ŗŃňŢÔ�@ë/	Řoé J�Ð÷

� ùţ 5 Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É� J-ÇīÎ8x|˗ţ(5NP)
�ƴǖ"ML�5NP�ͥƥ̻ʠ6ƴǖ"M+͍ùţΝīÎ2�L5J:�ȓΎ˧ͬ6I.1�ʁĉ
ŧʠ6IKŪů5͍ùţΝīÎ>ƴǓ͓ˁ%L3˺�JML�) 2�5NP8�q�g_��]e
�ɳɧ([5] = 50 µM)6ź# 308 K2ǶǤP̘��İģi�_v�8ȓΎŕēP͞…#+� 
 

 

 
5 ĂüāüĆý÷ øģùĄĘĚ ńŠ ĄĘĐ śŘV_×§Ř}S5÷ øĤùĄĘĐ Ř ČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷ İįù÷

øĥùĄĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġĄĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùoéØŗ

GōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øħùĄĘĚ Řoé J�ÐŗŃňŢÌIrŘ�R�A^÷

 
� 5NP ɳɧP 308 K 2ǶǤ#+3 N�ȓΎ˧ͬ6É��İģi�_v�ŕē�̤ɯ"M+(ŀ 3-
2-7c)� 8ȓ�Soret ƚ8İģȻř��|��3ɑ͕#1ʮɠ΋6g�v#1�L 3�J�H-Ç
īÎ8ƴǖ�ʴ�EJM+� 8ɳɧP HOPGŌȰ6i��c�v#�AFM6IK̤ŸP̘.+�
)8˨ȴ�H-ÇīÎ9θ"˝ 2.2 nm8x|�RU~� (5NF)2�L 3�ȐJ�35.+(ŀ 3-2-
7 b)�#+�.1�5NP9 5NF>8ƴǓ͓ˁPÉ�ȓΎʞƆʋ́Pʸ% 3�ʴ�EJM+� 
� ɇ6�5NP�J 5NF>8ȓΎʞƆʋ́8�[yj�6/�1ȹ̪#+�561 nm8İêƥŕēP
ȓΎ͔6ź#1��rv#+3 N�̵žȤ88-6�ȓΎ͔6ź#1Υˮƴ5İêƥ8ŕē�̤

ɯ"M+(ŀ 3-2-7d)� M9̂ƕ̧ŢĢǇ6ʆǃʠ5ͥƥ̻ʠǨď2�L�#+�.1�5NF 8ƴ
ǖ9̂ƕ̧Ţʠ6̘ͨ%L 3�ȐJ�35.+� 
� ȓΎʞƆʋ́8˧͑PȐJ�3%L+E�ȓΎʞƆʋ́8ɹƥÔťǋP̵žȤ�J̰Õ#+�)
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8˨ȴ�5NP8ɹƥ�θ�@4�̵žȤ9ř�5ÞPʸ#+(ŀ 3-2-7e)� M9�5NPƴǖ8˧͑
3 5NF ƴǖ8˧͑�ʚ5L 3Pʸ#1�L(off-pathway)20,21�%5O-�ùţ 1 6̡JM+ȓΎ
ʞƆʋ́3Ĭȿ6�5NP �J�|��>8̦ΟP˧ʖ#��|���̂ƕΝī%L 32 5NF �
ƴǖ"ML� MJ8˨ȴ�J��q�g_��]e�¨6��Lùţ 58X{�^���wia
��9ŀ 3-2-8 3#1̛% 3�2�L�%5O-����T��̵žÎP�q�g_��]e�
6ùǿ"'L3 pathway B 6ɝ.1 J-ÇīÎx|˗ţ�ͥƥ̻ʠ6ƴǖ"M�̵žȤ88-6�
pathway A 6ɝ.1ʁĉŧʠ6IKŪů5 H(ÇīÎx|�RU~�>̂ƕ̧Ţʠ6ƴǓ͓ˁ#+� 
� 4NP6/�1F�ùţ 1, 58Ŏī3Ĭȿ6�H-ÇīÎ8x|�RU~�(4NF)>ƴǓ͓ˁ%Lʋ
́�̤ɯ"M+(ŀ 3-2-9)�#+�.1�ùţ 4, 59�ùţ 13Ĭȿ8̂ƕΝīǨďPʸ% 3�Ȑ
J�35.+� 

 

 
5 Ăüāüćý÷ �@ ăû÷Ą ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 

 
 

5 ĂüāüĈý÷øģù�@ ă Ř0+ŻƕųƅƠ÷ øĤùoéØŗGōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øĥùăĘĚ Řoé J�ÐŗŃň

ŢÌIrŘ�R�A^÷

÷
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 c
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ĂüāüāüāýƇƊƐŧŪƌƥV`Þ¨Ř� B¢Ë�÷

� ɮƥħŕİģi�_v�ɯůɟPF-��ùţ 4, 58x|�RU~�ƴǖͬ˃Pʁĉŧʠ6̰Õ
#+��q�g_��]e�ɳɧ¨�ċʁ6É�x|�RU~��J�|��>8̦Οͬ˃P͞…

#+� 
 

 
 
5 ĂüāüĀÿý÷øģû÷ĤùĄĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĄĢċăÿ÷µėù÷øĥù÷ĄĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷

 
� ŀ 3-2-10a, b6�5NF8ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�300 K6��1�H-ÇīÎ
6ʆǃʠ5İģi�_v��̤ɯ"M+��ɳɧ8ċʁ6É���|��3 J-ÇīÎ6ʆǃʠ5İ
ģi�_v�>ŕē#+(ŀ 3-2-10a, b)�#+�.1�ɳɧ8ċʁ6É��5NF9�|��>̦Ο#�
̦Ο#+�|��8�ͷ9 5NPPƴǖ%L 3�ȐJ�35.+� 
� 400 nm8İêƥŕēPɮƥ6ź#1��rv#+˨ȴ�J-ÇīÎ8ƴǖ6CJM+I�5g`�
Uwņ8ŕē295��́ ʗɮƥ(Te)PÉ�Υg`�Uwņ8ŕē�̡JM+(ŀ 3-2-10c)� M9�
cooperative�u�6ʆǃʠ5ŕē2�L 22�#+�.1�̱ λˊ8ùţ 38Ŏī3Ĭȿ6 cooperative
�u�PF-�1�5NF8ƴǖͬ˃Pʁĉŧʠ6̰Õ#+� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
 

−ln +'()( =? = ln -B  (5) 
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ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
� 9$E6�Īɹƥ6��L 5NF8́ʗɮƥ(Te)PɖE�)8ɮƥ6��L�|��8ɹƥPƬ(4)
�J˒ø#+(ŀ 3-2-10c)�ɇ6�ƿJM+�|��ɹƥ�J 5NF8Ê΋ͬ˃8ƞ̚ůȁ KEPƬ(5)
�JɖE+(̛ 3-2-6)�Ȟƽ6�van’t Hoff8Ƭ(6)PF-�1�5NFƴǖ6��LɁɲX�o���
ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K 6��L̂ʖX{�^�ŕē(ΔG˚)P)M*M
ɖE+(ŀ 3-2-10d)�)8˨ȴ�5NFƴǖ6��Lʁĉŧʠ����o9)M*M�ΔH˚= –127 kJ mol-

1�ΔS˚= –306 J K-1mol-1�ΔG˚= –33.2 kJ mol-13ɖEJM+� 
� ùţ 46Ώ#1Fùţ 53Ĭȿ8̦ȱǜɟPF-�L 32�4NFƴǖ6��Lƞ̚ůȁ�I=
ʁĉŧ����oPɖE+(ŀ 3-2-11�̛ 3-2-7)�̛ 3-2-96ùţ 4, 58x|�RU~�ƴǖ6��
Lʁĉŧ����oPB3E+� 
 
 

Ã Ăüāüąý÷ �R ĝħŗŃňŢ�@ Ą ŘƜƊƘƥ�Rŕ ĄĘĐ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

323 23.3 4.3
104 
321 18.1 5.5
104 
319 13.0 7.7
104 
315 7.08 1.4
105 
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5 ĂüāüĀāý÷ øģû÷Ĥù÷ăĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġăĢċăÿ÷µėù÷øĥù÷ăĘĐ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù 

 
 

Ã ĂüāüĆý÷ �R ĝħŗŃňŢ�@ ă ŘƜƊƘƥ�Rŕ ăĘĐ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

326 24.7 4.1
104 
324 19.2 5.2
104 
322 13.7 7.3
104 
318 7.43 1.3
105 

 
 

Ã Ăüāüćý÷ ƇƊƐŧŪƌƥV`ŗŃňŢ� Bƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
4NF (131 (313 (34.4 
5NF (127 (306 (33.2 
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ĂüāüāüĂý�@ ąû÷Ć ńŠŖŢƇƊ¯@Řoé J�Ð÷

� ùţ 4, 53Ĭȿ6�ùêŧʠǜɟ�I= AFMPF-���q�g_��]e�¨6��Lùţ
6, 78x|˗ţ�ʸ%ȓΎʞƆʋ́P̰Õ#+� 
 

 

 
5 ĂüāüĀāý÷øģùąĘĚ ńŠ ąĘĜ śŘV_×§Ř}S5÷ øĤùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĢċĄÿ÷

µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥù�@ ą Ř ĴĪıĳĵüĴĮīĲĲīİĩ÷Ĕü�/	ƇƊŹƥƅøąĘĜùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĦùƇƊŹƥƅŘôŊŘË�÷

 
� 6NPɳɧP 308 K2ǶǤ#+3 N�ùţ 1, 4, 58Ŏī39ʚ5Lİģi�_v�ŕē�̤ɯ"
M+�ȓΎ˧ͬ6É��İģi�_v�ŕē6Ʊ�ǿ¯8ƷΩ�̤ɯ"M+(ŀ 3-2-12b)� M9ř
�5ΝīÎ8ƴǖPʸĸ#1�L� 8ɳɧP HOPG ŌȰ6i��c�v#�AFM 6IL̤ŸP
̘.+�)8˨ȴ�x|�RU~�8ƴǖ9ì�̡JM&�x|g�v8ƴǖ�ʴ̳"M+ (6NS) 
(ŀ 3-2-12c)� 
 

 
5 ĂüāüĀĂý÷ąĘĜ Ř ČĐė V��øģùĒęĚđ 7v÷ øĤùįīĥģ 7v÷ øĥùĜī ūŬƋƥ÷ ÷

øŻŵƥƠƌƥƭāÿÿ÷İįù÷
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5 ĂüāüĀăý÷ąĘĜ Ř���ơƥŸƥò[æŗşŢÆFƭ#Ó�çλħĸ÷ċ÷ĄăĂ÷İįĿƜƈƀƥ�çλįıİīý÷ċ÷ĄĈÿ÷Ļ÷ąāÿ÷İį÷øġąĢ÷

ċ÷Ąÿ÷µėĿŻŵƥƠƌƥĉ÷Ā÷µįù÷øģû÷Ĥû÷ĥ ř�ŖŢ�¼ŔŘÆFµxù÷

 
� x|g�v9θ"˝ 4.2 nm�˒̙ƞŅ˘"(Ra)� 3 ÅȦɰ8Ņ͊5κùţĜ8͍ùţΝīÎ2�
L 3�ȐJ�35.+(ŀ 3-2-12d)�B+�x|g�v8ƴǖ9 HOPGŌȰ,�25��)8¿8
ŌȰPF-�+Ŏī6��1FĬȿ6̤ɯ"M+ (ŀ 3-2-13)�"J6�îɾɼ��f�ίǂΉPF
-�1 6NS8�q�g_��]e�ɳɧP̤Ÿ#+3 N�AFM ̤Ÿ2̡JM+F83Ĭȿ8x
|g�vʇȾͦÎ�ʴ̳"M+(ŀ 3-2-14)�#+�.1�x|g�v(6NS)9ŌȰ¡2ƴǖ"ML8
295��ɳɧ¨6��L 6NP8ȓΎʞƆʋ́6I.1ƴǖ"M+͍ùţΝīÎ2�L3̨�L� 
 

 
5 ĂüāüĀĄý÷øģùÒ;0+ŻƕųƅƠĉ÷øĤùąĘĜ Ř®s ğ¹4a÷ øĥùĜĲģĳĵģİ ŗşŢ�@ ą ŘƜƄƟƣŴ÷

 
� 6NS8İģi�_v�ɯůP̘.+3 N��|��3ɑ͕#1ʮɠ΋(394 nm)3΋ɠ΋(444 nm)
6g�v#+ 2/8��_�̤ɯ"M+(ŀ 3-2-12b)�İģȻř�µ/6ù̜#+ Soretƚ9���
�T��̵žÎ8 short-slipping J-ÇīÎ6ʆǃʠ5i�_v�2�L 23,24�B+�͋Ŗİģi�_

v�ɯů�J�6NS 2S�wŌ8ɔˠ˨ī8ƴǖ�ʴ̳"M+�J-ÇīÎ(6NP)�I= H-ÇīÎ
(5NF)8i�_v�3ɑ͕%L3�6NS8ɔˠ˨ī9 6NPIK9Ʊ��5NFIKFư� 3�ʸ"
M+(ŀ 3-2-15a�υC=O: 1645 cm−1 (6NP), 1633 cm−1 (6NS), and 1627 cm−1 (5NF))�B+�˖ȧ Xˮļǟ
�J Zn-ZnΎ8͏Ο�˝ 4.5 Å2�L 3�x|g�v8Ĝ"�ùţ 68΋͔IKFʮ� 3�J
F���T��̵žÎĬŔ�ã�6&M1Ν˅#1�L 3�ǹǦ"M+(ŀ 3-2-15b, c)�x|g�
v8ƴǖ�S�]�Έ8΋"6Ôť#1�L 3�J�2ɇçx|g�vƴǖ8δďĉ9S�]�
ΈΎ8 van der Waalsĉ2�L3˺�JML�ŰΙ6�ùƊ#+S�]�ΈPžë#+ùţ 829�
S�]�ΈΎ69+J� van der Waalsĉ�ΥƜ6ư�+E�x|g�vʇÇīÎ8ƴǖ�ì�͌ 
J5�.+ (3-2-16)� MJ8˨ȴ�J�x|g�v6��L���T��̵žÎ8Ν˅ȿƬ9ŀ
3-2-178I�6˺�JML�%5O-�x͔ȇĮ69+J�ùţΎ8π-πior]�`�I=S�w
Ō8ɔˠ˨ī3�y͔ȇĮ69+J�S�]�ΈΎ8 van der Waalsĉ6I.1 2ɇçx|g�vʇ
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ÇīÎ�ƴǖ"ML� 
 

 

 
5 ĂüāüĀąý÷ �@ ć Ř¿Në/c$÷ øģù�@ ć Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷ Ā÷ ĕ÷

įīİüĀĿġćĢċĄÿ÷µėù÷øĤù�@ ć Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷Ąąā÷İįù÷øĥùƇƊ¯@øćĘĚùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĦùćĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġćĢċĄÿ÷µėĿ�Rĉ÷āĈĂ÷ĕĿgb

ÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øħùoéØŗGōŢ0�R:%øλ ċ÷ĄąĀ÷İįù÷øĨùƇƊƐŧŪƌƥøćĘĐùŘ ČĐė V��øĒęĚđ 7vĿŻ

ŵƥƠƌƥĉ÷āÿÿ÷İįù÷

 
 
 
 

 
 

5 ĂüāüĀĆý÷ā ��ƇƊŹƥƅŗŃňŢƗƠƐũƟƣÌI	Řëª|SŘ}S5ý÷
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ĂüāüāüăýƇƊŹƥƅV`ŘƛůƈżƚŘÇn÷

� ùêŧʠǜɟPF-��x|˗ţ�Jx|g�v>ƴǓ͓ˁ%LȓΎʞƆʋ́8�[yj�8̦

ȐP̱C+� 
 

 
 
5 ĂüāüĀćý÷ øģùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġąĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ ĳýĲýįýù÷

øĤùoéØŗGōŢ0�R:%øλ ċ÷ĄćĄ÷İįù÷øĥùąĘĚ Řoé J�ÐŗŃňŢÌIrŘ�R�A^÷

 
� ùţ 6 8˨ȴPŀ 3-2-18 6ʸ%�585 nm 8İêƥŕēPȓΎ͔6ź#1��rv#+3 N�
̵žȤ88-6�ȓΎ͔6ź#1Υˮƴ5İêƥ8ŕē�̤ɯ"M+(ŀ 3-2-18b)� M9̂ƕ̧Ţ
ĢǇ6ʆǃʠ5ͥƥ̻ʠǨď2�L�#+�.1�6NS8ƴǖFB+̂ƕ̧Ţʠ6̘ͨ%L 3�
ȐJ�35.+� 
� ɇ6�ȓΎʞƆʋ́8̵žȤ8ɹƥÔťǋ6/�1ȹ̪#+�)8˨ȴ�üȤ8 6NP8ɹƥ�θ
�@4�̵žȤ9ſ"5ÞPʸ#+(ŀ 3-2-18c)� M9�x|�RU~�>8ƴǓ͓ˁ6CJML
̵žȤ8ɹƥÔťǋ39Ģź8âĮPʸ#1�L� 8˨ȴ9�6NS ƴǖ8˧͑� 6NP ƴǖ8˧
͑8ƫ΋ˮ¡6�L 3Pʸ#1�L(on-pathway)�#+�.1�ùţ 6 8X{�^���wia
��9ŀ 3-2-19 8I�6ǯ� 3�2�L�ùţ 6 P�q�g_��]e�6ùǿ"'L3�
Pathway B6ɝ.1ͥƥ̻ʠ6x|˗ţ(6NP)Pƴǖ%L�6NP9ɲŪůʇǓ6�K�̵ žȤ88-

6�Pathway B 6ɝ.1ʁĉŧʠ6IKŪů5x|g�v(6NS)>3ƴǓ͓ˁ%L�5��6NP 3
6NS8ʇǓΎ69ɣǋēΚœ�ťŃ#1�L� 
� ùţ 78x|˗ţ(7NP)6/�1F�ùţ 68Ŏī3Ĭȿ6�short-slipping J-ÇīÎ8x|g�v
(7NS)>ƴǓ͓ˁ%Lʋ́�̤ɯ"M+�)8˨ȴPŀ 3-2-206B3EL� 
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5 ĂüāüĀĈý÷ �@ ąû÷Ć ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù 
 
 

 
 

5 Ăüāüāÿý÷ øģùĆĘĚ ńŠ ĆĘĜ śŘV_×§Ř}S5÷ øĤù�@ Ć Ř ĴĪıĳĵüĴĮīĲĲīİĩ÷ Ĕü�/	ƇƊŹƥƅøĆĘĜùŘ ČĐė

V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ āÿÿ÷ İįù÷ øĥùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġĆĢċĄÿ÷µėĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùoéØŗGōŢ0�R:%øλ ċ÷ĄćĄ÷İįù÷øħùĆĘĚ Řoé J�ÐŗŃňŢÌ

IrŘ�R�A^÷

�

�

6NP 6Mono

isodesmic modelcooperative model

6NS

c

0 1

(at 585 nm)

7NP

2 3

7NS

Time (h)

0.8

0

0.2

1.0

Ab
so

rb
an

ce

0.4

0.6

30
Conc. (µM)

50

t 5
0 

fo
r 7
N
S

 (m
in

)

0

30

90

120

60

Ab
so

rb
an

ce

0

0.4

0.8

0.2

Wavelength (nm)
650500 600550

0 min

97 min
1.0

0.6

b

d e

7NP

Stirring at 400 r.p.m.

7NS

MCH at 308 K

a



 60 

ĂüāüāüĄýƇƊŹƥƅV`Þ¨Ř� B¢Ë�÷

� ɮƥħŕİģi�_v�ɯůɟPF-��ùţ 6, 7 8x|g�vƴǖͬ˃Pʁĉŧʠ6̰Õ#
+��q�g_��]e�ɳɧ¨�ċʁ6É�x|g�v8̦Οͬ˃P͞…#+� 

 
 

5 ĂüāüāĀý÷øģû÷ĤùąĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċĄā÷µėù÷øĥùąĘĜ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăă÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
� ŀ 3-2-21a, b6�6NS8ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�303 K6��1�short-slipping 
J-ÇīÎ6ʆǃʠ5İģi�_v��̤ɯ"M+��ɳɧ8ċʁ6É���|��3 J-ÇīÎ6ʆ
ǃʠ5İģi�_v�>ŕē#+(ŀ 3-2-21a, b)�ɇ6�444 nm 8İêƥŕēPɮƥ6ź#1��
rv#+˨ȴ�́ʗɮƥ(Te)PÉ�Υg`�Uwņ8ŕē�̡JM+(ŀ 3-2-21c)� M9�ȵƴǖ-
Ê΋8 2/8ͬ˃�J5L cooperative�u�6ʆǃʠ5ŕē2�L 22�ȵƴǖPÉ�ĘĬʠ5ŕē

9�6NS8ƴǖ�̂ƕ̧Ţʠ6̘ͨ%L 33�̄#1�L�′Ɵ�cooperative�u�PF-�+
ʁĉŧʠ̦ȱ9�2 ɇç8͍ùţΝīÎƴǖ6Fͱʔ"M1�1�L 25-27�) 2�x|�RU~

�(5NF)8ʁĉŧʠ̦ȱ3Ĭȿ6�cooperative�u�PF-�1 6NSƴǖ8ʁĉŧʠ̦ȱP̘.+� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
 

−ln +'()( =? = ln -B  (5) 
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ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

� 9$E6�Īɹƥ6��Lx|g�v8́ʗɮƥ(Te)PɖE�)8ɮƥ6��L�|��8ɹƥ
PƬ(4)�J˒ø#+(ŀ 3-2-21c)�ɇ6�ƿJM+�|��ɹƥ�Jx|g�v8Ê΋ͬ˃8ƞ̚ů
ȁ KEPƬ(5)�JɖE+(̛ 3-2-9)�Ȟƽ6�van’t Hoff8Ƭ(6)PF-�1�x|g�vƴǖ6��L
ɁɲX�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K6��L̂ʖX{�^�ŕē
(ΔG˚)P)M*MɖE+(ŀ 3-2-21d)�)8˨ȴ�6NSƴǖ6��Lʁĉŧʠ����o9)M*M�
ΔH˚= –131 kJ mol-1�ΔS˚= –324 J K-1mol-1�ΔG˚= –31.4 kJ mol-13ɖEJM+� 
� ùţ 78x|g�v(7NS)6/�1F�Ĭȿ8ǜά2�ʁĉŧ����oPɖE+(ŀ 3-2-22�̛
3-2-10)�̛ 3-2-116ùţ 6, 78x|g�vƴǖ6��Lʁĉŧ����oPB3E+� 
 
 

Ã ĂüāüĈý÷ ¾��RøĝħùŗŃňŢ�@ ą ŘƜƊƘƥ�Rŕ ąĘĜ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

317 20.2 4.9
104 
314 12.3 8.1
104 
312 9.14 1.1
105 
308 4.69 2.1
105 

 
 

 
 

5 Ăüāüāāý÷øģû÷ĤùĆĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĆĢċăą÷µėù÷øĥùĆĘĜ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăĂ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĆù�
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�

 
 
 
 

Ã ĂüāüĀÿý÷ ¾��RøĝħùŗŃňŢ�@ Ć ŘƜƊƘƥ�Rŕ ĆĘĜ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

318 20.2 5.0
104 
316.5 17.0 5.9
104 
314 10.4 9.6
104 
310 5.07 2.0
105 

 
 
 
 

Ã ĂüāüĀĀýƇƊŹƥƅV`ŗŃňŢ� B¢ƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
6NS (131 (324 (31.4 
7NS (145 (366 (32.1 
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ĂüāüĂý�@{ÜŕŬƉƠŲƥƞƣƆŻŵƥƒŘ£ê÷

� S�]�Έ8΋"8ʚ5Lùţ 4-7PF-��)M*M8ùţ8̂ƕΝīǨďPʁĉŧ3ͥƥ̻
8ġȇ�J̰Õ#1�+�ŀ 3-2-236ùţ 4-78ùţȾͦ3)MJ8İģi�_v��X{�^�
��wia��Pʸ%� 
 

 
5 ĂüāüāĂý÷øģù�@ ăüĆ Ř�@{Üŕ¼f7øěùŘ čĚĕ ƜƄƠ÷ øĤù�@ Ą Ř0+ŻƕųƅƠ÷ øāćĂ÷ĕù÷øĥù�@ ăû÷Ą Ř

ŬƉƠŲƥƞƣƆŻŵƥƒ÷ øĦù�@ ą Ř0+ŻƕųƅƠ÷ øāćĂ÷ĕù÷øħù�@ ąû÷Ć ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷ ø�¹ř¿

Në/c$Ņ�špŤŢ9�¹ù÷

 
� ùţ 4-7 9�ċʁ#+�q�g_��]e�6ùǿ"'L3�ͥƥ̻ʠ6x|˗ţPƴǖ#+�
x|˗ţ8ʁĉŧʠŪůǋ6ùţȾͦ8ͮ�6ILƷΩ9ì�̡JM5�.+�#�#5�J�x
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ĂüĂýµÎ÷

� Ȩˊ29�̱ λˊ2ȐJ�3#+ùţȾͦ8ͮ��X{�^���wia��6ĢȒ"MLɼ6
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"8ʚ5LS�]�ΈPF/���T��ùţ 4-7PF-���q�g_��]e�ɳɧ¨6��
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Îƴǖͬ˃Pʁĉŧ3ͥƥ̻8ġȇ�J̰Õ%L 32�ùţȾͦ3X{�^���wia��8
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ĂüăüĀýƗƠƐũƟƣÌI	øăû÷Ąû÷ąû÷Ćû÷ćùŘ/`÷
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ĂüăüĀüāý%/� ă Ř/`÷

� ēīʅ S4(21.4 mg, 9.85 µmol)�1��o|��(3 µL, 32.8 µmol)�v��Wy��i�T�(11.3 mg, 
43.1 µmol)P THF (0.25 mL)6ɳ̦"'�0 ˚C6ôě#+�) 6Snh[���ͼhUm����
(40 %v�X�ɳɧ�1.9 M) (16 µL, 30.4 µmol)Pċ��40 ˚C2�ȔċʁǶǤP̘.+�ĢǇɳɧP
űɮB2Ǽô#+ƽ�ͺͼXq�Pċ��ȠɄƈPβŐɔ2ɢɥ#+�ȠɄƈPɽɔʳͼxv�V

�6IK°ʂ"'+�[��_��v`��T�(g�[b��_�����:Skv�=19:1)6IL
˚̝P̘��ēīʅ 4Pˡ̉8ŁÎ3#1ƿ+(19.4 mg�ģʊ: 86 %)�Ĭů9�NMRɯů�MALDI-
TOF-MS�̗ɼɯů�çˠùȱ�J̘.+� 
 
m.p. = 184-186 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.08-1.28 (102H, m, CH3-CH2-CH2-
CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.63-1.83 (16H, 
m, CH3-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.94-2.01 (4H, m, CH3-CH2-CH2-CH2-O-), 2.26-
2.29 (4H, m, -NH-CH2-CH2-CH2-O-), 3.78-3.83 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.05 (12H, m, CH3-
(CH2)8-CH2-CH2-CH2-O-), 4.21-4.28 (4H, m, CH3-CH2-CH2-CH2-O-), 4.39-4.42 (4H, m, -NH-CH2-CH2-CH2-
O-), 6.65 (2H, t, J = 4.8 Hz, -NH-CH2-CH2-CH2-O-), 6.98 (4H, s, C6H2), 7.25-7.29 (8H, m, C6H4), 8.09 (4H, 
d, J = 8.4 Hz, C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.93 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 
Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.01, 14.08, 19.45, 22.63, 22.67, 26.09, 29.16, 29.27, 29.37, 
29.39, 29.56, 29.59, 29.66, 29.72, 30.32, 31.61, 31.84, 31.91, 39.56, 67.27, 67.98, 69.42, 105.64, 112.52, 
112.54, 120.40, 120.89, 129.55, 131.73, 131.96, 135.02, 135.38, 135.48, 135.82, 141.18, 150.38, 150.53, 
153.12, 158.20, 158.82, 167.45.; MALDI-TOF mass (dithranol): calcd. for C144H210N6O12Zn: 2280.53; found: 
2280.85.; Elemental Analysis: calcd. for C144H210N6O12Zn (%): C, 75.77; H, 9.27; N, 3.68; O, 8.41; Zn, 2.86 : 
found: C, 75.76; H, 9.32; N, 3.76. 
 
 
ĂüăüĀüĂý%/� Ą Ř/`÷

� ēīʅ 58īǖ9�ēīʅ 48īǖ3Ĭȿ6�1-�o|��8ÁOK6 1-��o|��PF-�
L 32̘.+ (ģʊ: 84 %)�Ĭů9 NMRɯů�MALDI-TOF-MS�̗ɼɯů�çˠùȱ�J̘.
+� 
 
m.p. = 185-187 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 1.02-1.05 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-O-), 1.13-1.28 (100H, m, CH3-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.40-1.49 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.57-1.66 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 1.69-
1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.96-2.03 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 2.29-2.32 (4H, 
m, -NH-CH2-CH2-CH2-O-), 3.76-3.80 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.06 (12H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-), 4.24-4.27 (4H, m, CH3-CH2-CH2-CH2-CH2-O-), 4.41-4.44 (4H, m, -NH-CH2-CH2-CH2-O-), 
6.68 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 7.03 (4H, s, C6H2), 7.26-7.30 (8H, m, C6H4), 8.10 (4H, d, J = 
8.4 Hz, C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.98 (4H, d, J = 4.8 Hz, β-
pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.07, 14.12, 22.62, 22.66, 26.09, 28.42, 29.15, 29.27, 29.37, 29.39, 
29.57, 29.66, 29.72, 30.32, 31.85, 31.91, 38.51, 67.26, 68.29, 69.42, 73.49, 105.64, 112.52, 112.55, 120.38, 
120.87, 129.49, 131.72, 131.94, 135.05, 135.39, 135.49, 141.20, 150.37, 150.53, 153.11, 158.20, 158.81, 
167.42.; MALDI-TOF mass (dithranol): calcd. for C146H214N6O12Zn: 2308.56; found: 2308.68.; Elemental 
Analysis: calcd. for C146H214N6O12Zn(CHCl3)0.25 (%): C, 75.05; H, 9.23; N, 3.59; O, 8.20; Zn, 2.79: found: C, 
74.93; H, 9.17; N, 3.64. 
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ĂüăüĀüăý%/� ą Ř/`÷

� ēīʅ 68īǖ9�ēīʅ 48īǖ3Ĭȿ6�1-�o|��8ÁOK6 1-�]e|��PF-�
L 32̘.+ (ģʊ: 92 %)�Ĭů9 NMRɯů�MALDI-TOF-MS�̗ɼɯů�çˠùȱ�J̘.
+� 
 
m.p. = 182-184 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 0.97-1.01 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-CH2-O-), 1.12-1.28 (100H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.40-1.50 (16H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.62-1.66 
(4H, m, CH3-CH2-CH2-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.96-2.03 (4H, 
m, CH3-CH2-CH2-CH2-CH2-CH2-O-), 2.28-2.33 (4H, m, -NH-CH2-CH2-CH2-O-), 3.78 – 3.83 (4H, m, -NH-
CH2-CH2-CH2-O-), 3.97-4.07 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.24-4.28 (4H, m, CH3-CH2-CH2-
CH2-CH2-CH2-O-), 4.42-4.45 (4H, m, -NH-CH2-CH2-CH2-O-), 6.70 (2H, t, J = 5.6 Hz, -NH-CH2-CH2-CH2-
O-), 7.04 (4H, s, C6H2), 7.26 -7.30 (8H, m, C6H4), 8.10 (4H, d, J = 8 Hz, C6H4), 8.12 (4H, d, J = 8 Hz, C6H4), 
8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.98 (4H, d, J = 4.8 Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.08, 
14.12, 22.62, 22.66, 22.70, 25.93, 26.08, 29.17, 29.27, 29.36, 29.55, 29.58, 29.65, 29.71, 30.31, 31.74, 31.83, 
31.90, 38.62, 67.29, 68.30, 69.41, 73.50, 105.66, 112.51, 112.54, 120.42, 120.92, 129.65, 131.73, 131.98, 
134.95, 135.37, 135.46, 135.76, 141.16, 150.37, 150.53, 153.14, 158.20, 158.82, 167.47.; MALDI-TOF mass 
(dithranol): calcd. for C148H218N6O12Zn: 2336.60; found: 2336.28.; Elemental Analysis: calcd. for 
C148H218N6O12Zn(CHCl3)0.25 (%): C, 75.18; H, 9.29; N, 3.55; O, 8.11; Zn, 2.76: found: C, 74.93; H, 9.16; N, 
3.48. 
 
 
ĂüăüĀüĄý%/� Ć Ř/`÷

� ēīʅ 78īǖ9�ēīʅ 48īǖ3Ĭȿ6�1-�o|��8ÁOK6 1-��o|��PF-�
L 32̘.+ (ģʊ: 75 %)�Ĭů9 NMRɯů�MALDI-TOF-MS�̗ɼɯů�çˠùȱ�J̘.
+� 
 
m.p. = 181-183 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.87 (18H, m, CH3-), 0.94-0.98 (6H, t, J = 7.6 Hz, CH3-
CH2-CH2-CH2-CH2-CH2-CH2-O-), 1.12-1.28 (104H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.38-1.51 (16H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-
O-), 1.59-1.67 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 1.69-1.83 (12H, m, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.95-2.02 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 2.28-2.31 (4H, m, -NH-CH2-CH2-CH2-
O-), 3.73-3.78 (4H, m, -NH-CH2-CH2-CH2-O-),  3.97-4.06 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-),  4.24-
4.27 (4H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-O-), 4.40-4.43 (4H, m, -NH-CH2-CH2-CH2-O-), 6.67 (2H, t, 
J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 7.01 (4H, s, C6H2), 7.26-7.30 (8H, m, C6H4), 8.10 (4H, d, J = 8.4 Hz, 
C6H4), 8.12 (4H, d, J = 8.4 Hz, C6H4), 8.94 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 Hz, β-pyrrole).; 
13C NMR (CDCl3, 298 K), δ 14.08, 14.15, 22.62, 22.66, 26.08, 26.22, 29.15, 29.22, 29.27, 29.36, 29.55, 29.65, 
29.71, 30.31, 31.84, 31.88, 38.59, 67.27, 68.30, 69.41, 73.49, 105.63, 112.51, 112.54, 120.40, 120.89, 129.58, 
131.72, 131.96, 134.99, 135.37, 135.47, 135.79, 141.15, 150.36, 150.52, 153.12, 158.19, 158.81, 167.45.; 
MALDI-TOF mass (dithranol): calcd. for C150H222N6O12Zn: 2364.63; found: 2365.16.; Elemental Analysis: 
calcd. for C150H222N6O12Zn(CHCl3)0.4 (%): C, 74.81; H, 9.28; N, 3.48; O, 7.95; Zn, 2.71: found: C, 74.7; H, 
9.33; N, 3.48. 
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ĂüăüĀüąý%/� ć Ř/`÷

� ēīʅ 88īǖ9�ēīʅ 48īǖ3Ĭȿ6�1-�o|��8ÁOK6 3,7-h�q�-1-Z_o|
��PF-�L 32̘.+ (ģʊ: 54 %)�Ĭů9 NMRɯů�MALDI-TOF-MS�̗ɼɯů�çˠ
ùȱ�J̘.+� 
 
m.p. = 159-161 °C; 1H NMR (CDCl3, 298 K), δ 0.81-0.94 (30H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-
CH2-O-, CH3-), 1.07-1.30 (110H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-
CH2-CH2-O-), 1.37-1.47 (16H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.57-1.86 (18H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-, CH3-(CH2)8-CH2-CH2-CH2-
O-), 2.00-2.06 (2H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-), 2.26-2.28 (4H, m, -NH-CH2-CH2-
CH2-O-), 3.67-3.71 (4H, m, -NH-CH2-CH2-CH2-O-), 3.97-4.04 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
4.25-4.34 (4H, m, (CH3)2-CH-CH2-CH2-CH2-C(CH3)H-CH2-CH2-O-), 4.39-4.41 (4H, m, -NH-CH2-CH2-CH2-
O-), 6.64 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 6.97 (4H, s, C6H2),  7.26-7.29 (8H, m, C6H4), 8.10 (4H, 
d, J = 8 Hz, C6H4), 8.12 (4H, d, J = 8 Hz, C6H4), 8.93 (4H, d, J = 4.8 Hz, β-pyrrole), 8.97 (4H, d, J = 4.8 
Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), δ 14.07, 19.83, 22.62, 22.66, 22.77, 24.76, 26.09, 28.04, 29.17, 
29.27, 29.37, 29.39, 29.56, 29.59, 29.66, 29.70, 30.03, 30.84, 31.91, 36.48, 37.45, 38.54, 39.32, 66.64, 67.27, 
69.43, 73.50, 105.66, 112.52, 112.56, 120.39, 120.88, 129.53, 131.72, 131.95, 135.04, 135.39, 135.49, 135.84, 
141.20, 150.37, 150.53, 153.11, 158.20, 158.81, 167.45.; MALDI-TOF mass (dithranol): calcd. for 
C156H234N6O12Zn: 2448.72; found: 2448.75.; Elemental Analysis: calcd. for C156H234N6O12Zn(CHCl3)0.25 (%): 
C, 75.65; H, 9.52; N, 3.39; O, 7.74; Zn, 2.64: found: C, 75.64; H, 9.4; N, 3.43. 
 

 
5 ĂüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ Ĝăû÷ăû÷Ąû÷ąû÷Ćû÷ć Ř
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5 Ăüăüāý÷čĎčĮĂ�ŗŃňŢ�@ Ĝăû÷ăû÷Ąû÷ąû÷Ćû÷ć Ř
ĀĂč÷Ęėě ŻƕųƅƠ÷

÷

 
Ăüăüāý.©�D÷

� NMR ɯů69 JEOL ECS-400(400 MHz)PÒʔ#+�MALDI-TOF-MS i�_v�ɯů69
SHIMAZU AXIMA-CFR Plus stationPÒʔ#+�̗ɼɯů69 Yanako NP-500PPÒʔ#+�ˡŖħ
̣İģi�_v�ɯů69 JASCO V-6306 JASCO ETCL-761ɮƥħŕɯůʔk���p�PĤK
À�1Òʔ#+�AFM̤Ÿ69 Bruker model MaltiMode 8(Scan Assist mode)PÒʔ#+�îɾɼ�
�f�ίǂΉ̤Ÿ69 Leica TCS SP5 systemPÒʔ#+� 
 
 
ĂüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

� ɮƥħŕİģi�_v�ɯů69�i_���]�r�À�ʯ̋k�(0.1F#�9 1.0 cm)PF-
�+�ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-16Łů#+� 
 
 
Ăüăüāüāýoé�A0+ŻƕųƅƠ�D÷

� İģi�_v�ŕē8ȓΎÔťǋ9�i_���]�r�À�ʯ̋k�(0.1 cm)6�U_�ǶǤ
ţPëM�400 r.p.m.8ǶǤͥƥ2ǶǤP̘�5�Jɯů#+� 
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÷
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ăüāüĂýƇƊŹƥƅŘîªŘË�÷

� AFM�I=îɾɼ��f�ίǂΉPF-��short-slipping J-ÇīÎ8ƴṲ̌ŸP̘.+� 
 

 
5 ăüāüĈý÷øģüĥùČĐė V��øģùąĀĘĜ÷øĤùąāĘĜ÷øĥùąĂĘĜ÷øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷Ăÿÿ÷İįù÷øĦüĨù���ơƥŸƥò[

æŗşŢÆF÷ øĦùąĀĘĜ÷øħùąāĘĜ÷øĨùąĂĘĜƭ#Ó�çλħĸ÷ċ÷ĄăĂ÷İįĿƜƈƀƥ�çλįıİīý÷ċ÷ĄĈÿ÷Ļ÷ąāÿ÷İį÷øġąİĢ÷ċ÷Ąÿ÷µėĿŻ

ŵƥƠƌƥĉ÷Ăÿÿ÷İįù÷

 
� ùţ 61, 62, 638 short-slipping J-ÇīÎ8�q�g_��]e�ɳɧP HOPGŌȰ6i��c�v
#�AFM6IL̤ŸP̘.+�)8˨ȴ�x|g�v8ƴǖ�̤ɯ"M+(ŀ 4-2-9 a-c)�B+�short-
slipping J-ÇīÎ8�q�g_��]e�ɳɧPîɾɼ��f�ίǂΉ6IK̤Ÿ#+3 N�
AFM2̤Ÿ"M+F83Ĭȿ8x|g�vʇȾͦÎ�ʴ̳"M+(ŀ 4-2-9 d-f)�#+�.1�ùţ
61, 62, 638x|˗ţ8ȓΎʞƆʋ́6I.1�x|g�v�ƴǖ"ML 3�ȐJ�35.+� 
 

 
 

5 ăüāüĀÿýƇƊŹƥƅŘîª�OŗêōŢ²ªRj5ĉ÷ąĀĘĜ÷øƑƢƣżû÷āĀ �ùû÷ąāĘĜ÷øõ·û÷Ăÿ �ùû÷ąĂĘĜ÷øŮơƣźû÷

ĂĄ �ù÷

 
� ̅Ĳɨ� 36�AFM ̤Ÿ6IKƿJM+ƴʇåP̡1CL3�x|g�v8Φ˅9ùţ6I

.1ʚ5L 3�O�.+(ŀ 4-2-9)�) 2�AFM ƴʇå�Jx|g�v8Φ˅P#�ˢ˅ƥȁ
ŀPÐǖ#+(ŀ 4-2-10)�"J6�x|g�v8ȁƞŅΦ˅(An)3;΀ƞŅΦ˅(AW)�ŗùǿƥ(PDI)
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E) =
FGEG

)
GH4

FG
)
GH4

 

EI =
FGEG

6)
GH4

FGEG
)
GH4

 

JKL = EI/E) 

 

 
5��Ai9x|g�v8Φ˅8ŰɯÞ2�L�̦ȱ8˨ȴP̛ 4-2-4 6ʸ%�)8˨ȴ�x|g�
v8ȁƞŅΦ˅�I=;΀ƞŅΦ˅3F6�61NS > 62NS > 63NS 8ά6ř�5ÞPʸ% 3�ȐJ
�35.+� 8 3�J�ùţȾͦ8ã�5ͮ��x|g�v8Φ˅6ƷΩPĠA#1�L 3

�ʸĸ"M+� 
�  
 

Ã ăüāüăý÷ ƇƊŹƥƅŘîª÷

 
 "465%(An) 

(nm2) 
�8465%(Aw) 

(nm2) 
'3�, 

(PDI) 
61NS 220000 360000 1.7 
62NS 29000 64000 2.2 
63NS 9700 18000 1.9 
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ăüāüăý� BƮÛRÎƮĉ÷ƇƊŹƥƅŘîªŗ)ŜōWð÷

� ùţȾͦ8ã�5ͮ��x|g�v8Φ˅6ͮ�PĠA% 3�ʸĸ"M+�) 2�x|g�

v8Φ˅8ͮ�9Ï6ʖȭ%LF858��ʁĉŧ3ͥƥ̻8ġȇ�Jȹ̪P̘.+� 
 
ăüāüăüĀýƇƊŹƥƅŘ� B¢CD^ŘË�÷

� ɮƥħŕİģi�_v�ɯůɟPF-�1�ùţ 61, 62, 638x|g�vƴǖͬ˃Pʁĉŧʠ6̰

Õ#+��q�g_��]e�ɳɧ¨�ċʁ6É�x|g�v8̦Οͬ˃P͞…#+� 
 

 
 

5 ăüāüĀĀý÷ øģüĤù�@ ąĂŘ�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąĂĢċĄÿ÷µėù÷øĥù"

�Þ¨ŗŃňŢ ĴĪıĳĵüĴĮīĲĲīİĩ÷Ĕü�/	Ř�/RŘ:%÷ øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅ 
 
� ŀ 4-2-11a, b6�63NS8ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�313 K6��1�short-slipping 
J-ÇīÎ6ʆǃʠ5İģi�_v��̤ɯ"M+��ɳɧ8ċʁ6É���|��3 J-ÇīÎ6ʆ
ǃʠ5İģi�_v�>ŕē#+(ŀ 4-2-11b)�ɇ6�x|g�v8ċʁͬ˃6��LÇīÎƴǖƥ
9�ɮƥ͔6ź#1́ʗɮƥ(Tc)PÉ�Υg`�Uwņ8țˮPǯ�+(ŀ 4-2-11c)� 8˨ȴ9�
x|g�v8ƴǖͬ˃� cooperative�u�6IK̦ȱħ˾2�L 3Pʸ#1�L 31, 36, 37�̅Ĳɨ

� 36�ùţ 61, 62, 638x|g�v8̦Οͬ˃6��1�)M*Mʚ5Ĺʗɮƥ(Tc)�̤ɯ"
M+ρ61 (317 K) < 62 (325 K) < 63 (335 K) (ŀ 4-2-11c)� M9�x|g�v8ʁĉŧʠŪůǋ�ùţ
6I.1ʚ5L 3Pʸĸ#1�L�ˍμˊ3Ĭȿ6�́ʗɮƥ(Tc)6��L)M*M8�|��
ɹƥP˒ø#�van’t Hoff 8Ƭ(4-6)6ͱʔ%L 32�x|g�vƴǖ6��LɁɲX�o���
ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)P)M*MɖE+(ŀ 4-2-911d�̛ 4-2-5)�B+�ùţ
62, 638ɮƥħŕİģi�_v�ŕē8̲ˣ6/�19)M*Mŀ 4-2-12�ŀ 4-2-13 6ʸ#+�ŀ
4-2-11c6��Ĺʗɮƥ(Tc)3ʁĉŧʠ̦ȱ6IKƿJM+x|g�vƴǖͬ˃8ʁĉŧ����
o�J˺�L3�63NS�ȞFŪů2�L 3�ʸ"M+�B+�x|g�v8ʁĉŧʠŪůǋ8ͮ
�9�©6ÇīÎƴǖ6��LX�v���ŕē6ʖȭ#1�+(̛ 4-2-5)� M9�£γĵ˨ī(ù
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ţ 62, 63)83K�LˉÎ͹Ʀ9γĵ˨ī(ùţ 61)8F8IKF̂ʖƥ�Í� 3PĢȒ#1�L3
˺�JML� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
Ã ăüāüĄý÷ ƇƊŹƥƅV`ŗŃňŢ� B¢ƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
KE at 308 K 

(M(1) 
61NS  (131 (324 2.1
105 
62NS -132 -320 5.1
105 
63NS (130 (303 1.6
106 

 
 

 
 

5 ăüāüĀāý÷øģû÷ĤùąāĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąāĢċĄÿ÷µėù÷øĥùąāĘĜ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăĂ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈąù 
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Ã ăüāüąý÷ ¾��RøĝħùŗŃňŢ�@ ąāŘƜƊƘƥ�Rŕ ąāĘĜ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

325 27.6 3.6×104 
324 24.9 4.0×104 
322 18.7 5.4×104 
319 12.6 7.9×104 
316 7.44 1.3×105 

311.5 3.32 3.0×105 
 

 
 

5 ăüāüĀĂý÷øģû÷ĤùąĂĘĜ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġąĂĢċĄÿ÷µėù÷øĥùąĂĘĜ

Ř"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăăă÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù 

 
 

Ã ăüāüĆý÷ ¾��RøĝħùŗŃňŢ�@ ąĂŘƜƊƘƥ�Rŕ ąĂĘĜ V`ŘPÂDj ĕď÷

÷

ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

335 34.9 2.9×104 
334 31.3 3.2×104 
331 20.9 4.8×104 
328 14.0 7.1×104 
324 7.51 1.3×105 
320 3.93 2.5×105 
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ăüāüăüāýƇƊŹƥƅŘ� B¢CD^ŕîªŘ£ê÷

� x|g�vƴǖͬ˃8ʁĉŧʠ̦ȱ�JƿJM+ƞ̚ůȁ3x|g�v8ȁƞŅΦ˅P̛ 4-2-8
6B3E+� 8̛�J�x|g�v8ƴǖͬ˃�ř�5ƞ̚ůȁ2�L@4ř�5ȁƞŅΦ˅P

ʸ%âĮ�̡JM+�#�#5�J�̛ 4-2-8 6̡JMLx|g�vƴǖ8ƞ̚ůȁ3x|g�v
8ȁƞŅΦ˅8ʧΏ9�ʁĉŧ�u��J˺�JML˨ȴ3͠8âĮPʸ#1�L 31�ʁĉŧ�u

�2�L isodesmic�u�3 cooperative�u�84-J6��1F�ÇīÎƴǖ8ƞ̚ůȁ�Œċ
%L@4ÇīÎƴǖ6Ώ¤%LƞŅùţȁ(;īƥ)FŒċ%LâĮPʸ%�#+�.1�ùţ 61, 62, 
632̤ɯ"M+x|g�v8Φ˅8ͮ�9�x|g�v8ʁĉŧʠŪůǋ6ʖȭ%LF8295�

3˨̻0�JML� 
 

Ã ăüāüćý÷ ƇƊŹƥƅV`ŘPÂDjŕjP6îª÷

÷

 KE at 308 K 
(M(1) 

"465%(An) 
(nm2) 

61NS  2.1
105 220000 
62NS 5.1
105 29000 
63NS 1.6
106 9700 
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ăüāüăüĂý÷ā÷ĴĵħĲ÷ĐīİĭħüĞģĵĺĭĹ ƜƄƠťŞŐŁŏƇƊŹƥƅV`Þ¨ŘÛRÎÇw÷

� ùţ 61, 62, 632̤ɯ"M+x|g�v8Φ˅8ͮ�9�x|g�v8ʁĉŧʠŪůǋ6ʖȭ%L

F8295� 3�ʸ"M+�#+�.1�Φ˅3ùţȾͦ8ΏÖP̷Ȑ%L+E69ͥƥ̻ʠ5

̦ͽ�ǅ̠2�L�) 2�x|g�v8ƴǖ�[yj�P̲ˣ6ȹ̪%L+E6�2step Finke-
Watzky�u�(F-W�u�)PF-�+ͥƥ̻ʠ5̦ȱ6ʪʥ#+ 38� 
� F-W �u�9΁Ƈx|_�io�8ƴǖ�[yj�8̦ȐPʥʠ3#1�R.G. Finke 3 M. A. 
Watzky6I.1΍ʞ"M+ 38�′Ɵ29�F-W�u�9ȿ�5ΝīÎ8ƴǖGS��Uwˮˬƴǖ
6��L�[yj�8̦Ȑ6ơ�þʔ"M1�L 39�F-W �u�9ȵƴǖͬ˃(ͥƥůȁ:k1)3̧Ţ
ʠ5ǖ΋ͬ˃(ͥƥůȁ:k2)8λ/8ͬ˃�J5Lg���5ͥƥ̻�u�2�K�ɇ8I�6ů˹
"ML 39� 
 

 

E
MN
O  

E + O
MP
2O 

 

 
 8ͬ˃6/�1�A8ɹƥ8ȓΎŕē6Ώ%Lǂùȇ˃Ƭ9ɇ8I�6̫͝2�L� 
 

 
−Q[E]

QR
= S4 E + S6 E [O]  

 
 8ǂùȇ˃ƬP̦� 32�F-W�u�PƬ(7)3#1ƿL 3�2�L� 
 

 [E]T =

S4
S6
+ [E]U

1 +
S4

S6[E]U
exp S4 + S6[E]U R

 (7) 

 
5��[A]t9ȓā t6��L A8ɹƥP̛#1�L� 
�  
 

 
5 ăüāüĀăý÷ĐüĞ ƜƄƠŗşŢƇƊŹƥƅV`ŗŃňŢoé J�ÐŘÛRÎÇw÷

øġąĀĢ÷ċ÷ġąāĢ÷ċ÷ġąĂĢ÷ċ÷Ąÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷
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Ã ăüāüĈý÷ĐüĞ ƜƄƠŗşŢÇwµxŕƇƊŹƥƅŘjP6îª÷

 
 k1 

(min(1) 
k2 

(M-1 min-1) 
"465%(An) 

(nm2) 
61NS  1.3
10-8 1.8
103 220000 
62NS 1.5
10-7 7.1
103 29000 
63NS 7.2
10-4 1.4
104 9700 

 
 
� ùţ 61, 62, 638x|g�vƴǖ6Ώ#1�ȓΎʞƆʋ́PƬ(7)6ͱʔ%L 32ͥƥ̻ʠ6̦ȱ
#+�˨ȴPŀ 4-2-143̛ 4-2-96ʸ%�̛ 4-2-9�J�ǖ΋ͬ˃8ͥƥůȁ k2IKFȵƴǖͬ˃

8ͥƥůȁ k16ř�5Ɣ�ʴ̳"M+� 8 3�J�ùţȾͦ8ͮ�9ǖ΋ͬ˃IKFȵƴǖͬ

˃6ř�5ƷΩPĠA% 3�ʸ"M+� 
� B+�ȵƴǖͬ˃8ͥƥůȁ k13x|g�v8ȁƞŅΦ˅8Ύ69̅Ĳɨ�ΏÖǋ�̡JM+�

%5O-�ȞFř�5ͥƥůȁ k1Pʸ#+ùţ 6329ȞFſ"5x|g�v�ƴǖ"M�ȞFſ

"5ͥƥůȁ k1Pʸ#+ùţ 6129ȞFř�5x|g�v�ƴǖ"M+�ȵƴǖͬ˃8ͥƥůȁ

k18ř�"6ʪʥ%L3�ř�5ͥƥůȁ k19ęÌȓΎƳ+KIKŗ�8ȵ�ƴǖ"ML 3Pʸ

#1�L�#+�.1�ùţ 6328x|g�vƴǖ29�ùţ 61, 623ɑ͕#1�ȞFŗ�8ȵ�

ƴǖ"ML 3�ȐJ�35.+�x|g�v8Φ˅9�ƴǖ#+ȵ8ɹƥ3˛6ťŃ%L J-Çī
Îx|˗ţ8ɹƥɑ([J aggregate]/[nucleus])6I.1ɘů"ML 3�J 27�ȞFŗ�8ȵ�ƴǖ"

MLùţ 6329ȞFſ"5x|g�v�ƴǖ"ML� M9�AFM Gîɾɼ��f�ίǂΉ̤Ÿ
�JƿJM+˨ȴ3�̄#1�L�#+�.1�ȓΎʞƆʋ́6IKƴǖ"MLx|g�v8Φ˅

9�x|g�v8ʁĉŧʠŪůǋIKF�D#N�ͥƥ̻ʠ6ɘů"ML 3�ȐJ�35.+� 
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ăüĂýµÎ÷

� Ȩˊ29�ˍμˊ2ʞ̡#+x|˗ţ�J 2ɇçx|g�v>8ȓΎʞƆʋ́6ʪʥ#�ùţȾ
ͦ8ã�5ͮ��̂ƕΝīͬ˃6ĠA%ͥƥ̻ʠ5ƷΩ6/�1ȹ̪#+�ùţȾͦ8ã�5ͮ� 
(-CH2-CH3, -CH=CH2, -C≡CH)��ɲŪůʇǓ8x|˗ţ�Jx|g�v>8ȓΎʞƆʋ́6ί̒5
ͮ�PĠA% 3�ȐJ�35.+�F-W�u�PF-�1͍ùţΝīÎ8ȓΎʞƆʋ́Pͥƥ̻
ʠ6̦ȱ#+3 N�ùţȾͦ8ͮ�9©6ȵƴǖͬ˃6ƷΩPĠA% 3�ʸ"M+�)8˨ȴ�

x|g�v8Φ˅6ͮ��ʒ$L 3�ʴ�EJM+�̅Ĳɨ� 36�ȓΎ8ɤM8¨2ƴǖ"

M+x|g�v8Φ˅9�ʁĉŧ�u��J²ǐ"MLF83͠8âĮPʸ#+� 
� ′Ɵ�ʁĉŧ6Ō0�+͍ùţΝīÎ8eUjÿ˚6/�1ōı"M1�L�Kawai�Nakashima
J8ōı29�ΉåʚǋÎ8�|��ĬŔPɪ(īO'L 32�͍ùţ����8΋"8ÿ˚6

ǖĊ#1�L 40� 8ȇɟ29���ÇīÎ3�t�ÇīÎƴǖ8ƞ̚ůȁ8ͮ�Pþʔ#1�L�

%5O-�Ȩˊ2ƿJM+˨ȴ9�͍ùţΝīÎƴǖ8ʁĉŧ6Ō0�ÿ˚3ͥƥ̻ʠÿ˚8ͮ�

6êPƳ11�L3̨�L� 
 

 
5 ăüĂüĀý÷ t¬Řz]5÷
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ăüăýEó÷

÷

ăüăüĀýƗƠƐũƟƣÌI	øąāû÷ąĂùŘ/`÷

� ʆ6̛̫85�ΒK�̱̔�I=ɳŢ9�ƗͅĶP˚̝'&)8BBF-�+�°ʂɳŢ9�Ɨ

ͅ"M1�LF8PF-�+�ì18ĢǇ9S�d�ΡĿɓ¢2̘.+�īǖ9i]�� 4-4-1 6
ƾ.1̘.+�S6419Ȋō6ƾ�īǖP̘.+� 
 
Żűƥƚ ăüăüĀ÷

 
ăüăüĀüĀý%/� ĜĆ Ř/`÷

ēīʅ S6(836 mg, 4.10 mmol)�h���o�(600 mg, 4.10 mmol)P°ʂh_���o�(1000 mL)6
ɳ̦"'�3 ȓΎS�d�\iP~���`#+�) >�v���Z�ͺͼ(70 �L, 0.41 mmol)
Pċ��ȚǛ2 18ȓΎǶǤP̘.+�ĢǇɳɧ> 2,3-h_��-5.6-hgS|-1.4-��n]|�(DDQ) 
(1.40 g, 6.17 mmol) 8h_���o�ɳɧ(50 mL)Pɵ¢#�"J6 1ȓΎűɮ2ǶǤP̘.+�Ģ
Ǉɳɧ>v�Xq�S��(3 mL)Pċ����rg�[��_��v`��T�(g�[b��_�
����)P̘.+�ɳŢPʘğ#+8-�ƿJM+ŁÎP_�����(418 mL)6ɳ̦"'�ċʁ
͵ɤP̘.+�) >�ͺͼ¸΃(II)µɔĵʅ(1.43 g, 7.80 mmol)8�o|��ɳɧ(64 mL)Pċ��
3ȓΎċʁǶǤP̘.+�ĢǇɳɧPűɮB2Ǽô#+8-�ɳŢPʘğ#�[��_��v`�
�T�(g�[b��_�����)6IL˚̝P̘.+�ƿJM+ŁÎP_�����6ɳ̦"'�
�o|��2òəɏ%L 36IK�ēīʅ S7Pˡ̉8ŁÎ3#1ƿ+(445 mg, ģʊ: 30 %)�Ĭ
ů9�NMRɯů�MALDI-TOF-MS�J̘.+� 
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1H NMR (CDCl3, 298 K) δ 1.74-1.82 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.00-2.06 (4H, m, CH2=CH-
CH2-CH2-CH2-CH2-O-), 2.26-2.31 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 4.30 (4H, t, J = 6.4 Hz, 
CH2=CH-CH2-CH2-CH2-CH2-O-), 5.06-5.09 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.06-5.17 (2H, m, 
CH2=CH-CH2-CH2-CH2-CH2-O-), 5.91-6.01 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 7.31 (4H, d, J = 8 Hz, 
C6H4), 8.15 (4H, d, J = 8 Hz, C6H4), 9.17 (4H, d, J = 4 Hz, β-pyrrole), 9.42 (4H, d, J = 4 Hz, β-pyrrole), 10.29 
(2H, s, meso-H).; 13C NMR (CDCl3, 298 K), δ 25.54, 28.97, 33.59, 68.12, 106.14, 112.73, 114.86, 119.89, 
131.61, 132.55, 134.81, 135.6, 138.65, 149.40, 150.49, 158.82.; MALDI-TOF mass (dithranol): calcd. for 
C44H40N4O2Zn: 720.24; found: 720.46. 
 
 
ăüăüĀüāý%/� Ĝć Ř/`÷

� ēīʅS7(425 mg, 0.588 mmol)P_�����(134 mL)���h�(0.6 mL)6ɳ̦"'�ɕɦPF
-�0 ˚C6ôě#+�) >N-���i_g�U�w(NBS)(212 mg, 1.19 mmol)Pċ��1.5 ȓΎǶ
ǤP̘.+�)8!�ĢǇɳɧPűɮ6Ǚ#�"J630 ùΎǶǤP̘.+�ĢǇɳɧ6Skv�P
ċ��ɳŢPʘğ#+�[��_��v`��T�(g�[b��_�����:��h�=400:1)6
IL˚̝P̘��ēīʅS8Pˡ̉8ŁÎ3#1ƿ+(462 mg, ģʊ: 89 %)�Ĭů9�NMRɯů�
MALDI-TOF-MS�J̘.+� 
 
1H NMR (CDCl3/DMSO-d6, 1:1, 298 K) δ 1.72-1.80 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 1.97-2.02 
(4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.25-2.28 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 4.30 (4H, t, 
J = 6.4 Hz, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.05-5.07 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.12-5.16 
(2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.89-5.5.98 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 7.32 (4H, 
d, J = 8.4 Hz, C6H4), 8.04 (4H, d, J = 8.4 Hz, C6H4), 8.88 (4H, d, J = 4.4 Hz, β-pyrrole), 9.62 (4H, d, J = 4.4 
Hz, β-pyrrole).; 13C NMR (CDCl3/DMSO-d6, 1:1, 298 K), δ 24.17, 27.58, 32.23, 66.75, 103.15, 111.42, 
113.72, 120.54, 131.53, 132.22, 133.21, 134.26, 137.33, 148.44, 149.70, 157.54.; MALDI-TOF mass 
(dithranol): calcd. for C44H38N4O2ZnBr2: 878.06; found: 878.30. 
 
 
ăüăüĀüĂý%/� ąāŘ/`÷

� ēīʅ S8(100 mg, 0.114 mmol)�S2(222 mg, 0.238 mmol)�ɻͼxv�V�(57.3 mg, 0.541 mmol)P
N,N-h�q����S�w(25 mL)�Xo|��(2.5 mL)�̓ʘɔ(2.5 mL)6ɳ̦"'+�) >tv
�]i(v��Wy��i�T�)��hV�(0) (16.1 mg, 0.014 mmol)Pċ��75 ˚C2 24ȓΎċʁ
ǶǤP̘.+�ĢǇɳɧPűɮB2Ǽô#+8-�_�����Pċ��ȠɄʧP̓ʘɔ2ɢɥ#

+�ȠɄʧPɽɔʳͼ�`{gV�6IK°ʂ"'+�[��_��v`��T�(g�[b��_
�����)�I=b�[��_��v`��T�(Bio-Beads SX-1, h_���o�)6IL˚̝P
̘��ēīʅ 62Pˡ̉8ŁÎ3#1ƿ+(157 mg, ģʊ: 60 %)�Ĭů9�NMRɯů�MALDI-TOF-
MS�̗ɼɯů�J̘.+� 
 
m.p. = 179-181 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.71-1.81 (16H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-, CH2=CH-CH2-CH2-CH2-CH2-O-), 1.97-2.04 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 2.23-
2.29 (8H, m, CH2=CH-CH2-CH2-CH2-CH2-O-, -NH-CH2-CH2-CH2-O-), 3.64-3.68 (4H, m, -NH-CH2-CH2-
CH2-O-), 3.96-4.03 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.25-4.28 (4H, m, -NH-CH2-CH2-CH2-O-), 
4.38-4.40 (4H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.04-5.06 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 
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5.11-5.15 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 5.88-5.98 (2H, m, CH2=CH-CH2-CH2-CH2-CH2-O-), 
6.62 (2H, t, J = 5.6 Hz, -NH-CH2-CH2-CH2-O-), 6.92 (4H, s, C6H2), 7.24-7.28 (8H, m, C6H4), 8.09-8.13 (8H, 
m, C6H4), 8.93 (4H, d, J = 4.4 Hz, β-pyrrole), 8.97 (4H, d, J = 4.4 Hz, β-pyrrole).; 13C NMR (CDCl3, 298 K), 
δ 14.08, 22.62, 22.66, 25.52, 26.08, 28.97, 29.14, 29.27, 29.37, 29.56, 29.59, 29.66, 29.72, 30.32, 31.84, 31.90, 
33.57, 38.50, 67.25, 68.06, 69.41, 73.49, 105.61, 112.51, 112.54, 114.84, 120.38, 120.83, 129.47, 131.72, 
131.93, 135.10, 135.39, 135.49, 135.84, 138.59, 141.17, 150.37, 150.51, 153.10, 158.19, 158.74, 167.41.; 
MALDI-TOF mass (dithranol): calcd. for C148H214N6O12Zn: 2332.56; found: 2332.79. 
 
 

 
5 ăüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ ąāŘøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ÷

 
  

a

ppm
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b
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Żűƥƚ ăüăüā÷

 

 
ăüăüĀüăý�@ ąĂŘ/`÷

� ēīʅ S4(100 mg, 46.1 µmol)�5-�]g�-1-Z��(13 µL, 146 µmol)�v��Wy��i�T�
(31.2 mg, 119 µmol)P THF (0.52 mL)6ɳ̦"'�0 ˚C6ôě#+�) 6Snh[���ͼhUm
����(40 %v�X�ɳɧ�1.9 M) (64 µL, 122 µmol)Pċ��40 ˚C2�ȔċʁǶǤP̘.+�Ģ
ǇɳɧPűɮB2Ǽô#+ƽ�ͺͼXq�Pċ��ȠɄƈPβŐɔ2ɢɥ#+�ȠɄƈPɽɔʳͼ

xv�V�6IK°ʂ"'+�[��_��v`��T�(g�[b��_�����:Skv�
=15:1)6IL˚̝P̘��ēīʅ 63Pˡ̉8ŁÎ3#1ƿ+(100 mg�ģʊ: 93 %)�Ĭů9�NMR
ɯů�MALDI-TOF-MS�̗ɼɯů�çˠùȱ�J̘.+� 
 
m.p. = 176-178 °C; 1H NMR (CDCl3, 298 K) δ 0.81-0.87 (18H, m, CH3-), 1.13-1.28 (96H, m, CH3-(CH2)8-
CH2-CH2-CH2-O-), 1.40-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.82 (12H, m, CH3-(CH2)8-CH2-
CH2-CH2-O-), 1.87-1.95 (4H, m, CH≡C-CH2-CH2-CH2-CH2-O-), 2.04-2.05 (2H, m, CH≡C-CH2-CH2-CH2-
CH2-O-), 2.09-2.16 (4H, m, -NH-CH2-CH2-CH2-O-), 2.24-2.27 (4H, m, -NH-CH2-CH2-CH2-O-), 2.39-2.44 
(4H, m, CH≡C-CH2-CH2-CH2-CH2-O-), 3.66-3.69 (4H, m, -NH-CH2-CH2-CH2-O-),  3.97-4.04 (12H, m, 
CH3-(CH2)8-CH2-CH2-CH2-O-), 4.28-4.31 (4H, m, -NH-CH2-CH2-CH2-O-), 4.38-4.41 (4H, m, CH≡C-CH2-
CH2-CH2-CH2-O-), 6.63 (2H, t, J = 5.2 Hz, -NH-CH2-CH2-CH2-O-), 6.94 (4H, s, C6H2), 7.27-7.29 (8H, m, 
C6H4), 8.09-8.13 (8H, m, C6H4), 8.94 (4H, d, J = 4.4 Hz, β-pyrrole), 8.97 (4H, d, J = 4.4 Hz, β-pyrrole); 13C 
NMR (CDCl3, 298 K), δ 14.08, 18.31, 22.62, 22.66, 25.24, 26.08, 28.53, 29.16, 29.27, 29.37, 29.56, 29.59, 
29.66, 29.72, 30.32, 31.84, 31.90, 38.52, 67.25, 67.55, 68.73, 69.41, 73.49, 84.15, 105.63, 112.53, 120.41, 
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120.80, 129.50, 131.74, 131.92, 135.19, 135.39, 135.48, 135.81, 141.18, 150.38, 150.50, 153.11, 158.20, 
158.65, 167.43.; MALDI-TOF mass (dithranol): calcd. for C148H210N6O12Zn: 2328.53; found: 2328.97. 
 
 

 
5 ăüăüāý÷čĎčĮĂ�ŗŃňŢ�@ ąĂŘøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ�

 
 
� �

a

ppm
02 135 468 710 9

b

ppm
020 103050 406080 70100 90120 110130150 140160180 170
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ăüăüāý.©�D÷

� NMR ɯů69 JEOL ECS-400(400 MHz)PÒʔ#+�MALDI-TOF-MS i�_v�ɯů69
SHIMAZU AXIMA-CFR Plus stationPÒʔ#+�̗ɼɯů69 Yanako NP-500PPÒʔ#+�ˡŖħ
̣İģi�_v�ɯů69 JASCO V-6306 JASCO ETCL-761ɮƥħŕɯůʔk���p�PĤK
À�1Òʔ#+�AFM̤Ÿ69 Bruker model MaltiMode 8(Scan Assist mode)PÒʔ#+�îɾɼ�
�f�ίǂΉ̤Ÿ69 Leica TCS SP5 systemPÒʔ#+� 
 
 
ăüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

� ɮƥħŕİģi�_v�ɯů69�i_���]�r�À�ʯ̋k�(0.1F#�9 1.0 cm)PF-
�+�ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-12̘.+� 
 
 
ăüăüāüāýoé�A0+ŻƕųƅƠ�D÷

� İģi�_v�ŕē8ȓΎÔťǋ9�i_���]�r�À�ʯ̋k�(1.0 cm)6�U_�ǶǤ
ţPëM�400 r.p.m.8ǶǤͥƥ2ǶǤ#5�Jɯů#+� 
 
� �
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­ƪ¬÷ oé JƒƢŴƞƚŗşšE�ōŢƟƎƣŴÔ�@á/÷

 
ĄüĀýQÎ÷

� ͍ùţ����9�ΥîȠ˨īǋ8ʧ¶Ðʔ6I.1�|��ùţ� 1ɇç6͹û#+͍ùţΝ
īÎ2�L 1�͍ùţ����9�ħ͠5;ī�̦;ī6ʖȭ%Lďʠ5Ʉ˾PȠ#��eU_�

ǋĜƕÚǁǋ6æM+Ʉ˾ǋȪȄ3#1ʣQ6ʰˇ�̘OM1�L 1-3��̈ʠ5θùţ69̡J

M5�̅Ĳɨ�ǋ͊Pʸ%͍ùţ����2�L��;ī�ħ͠2�L�H�6Ȩ͊ʠ5ĺήFǡ

�1�L�)M9�͍ùţ;ī��ùţB�'�3��ɼ2�L� 
� ͍ùţ����8ƴǖ9̂ʞʠ2�K��|��ùţ9;ī�̦;īP˵K͜#5�Jʁĉŧʠ

6ȞFŪů5ʇǓ6ģȫ%L 1�ʁĉŧǹ͹¢6��1�͍ùţ����8ƴǖ9̂ƕΝī8˧͑

6Ôť'&�̂ʖX{�^�6I.18Cɘů"ML�#+�.1�͍ùţ����8ƴǖPǑŀ

ʠ6ÿ˚%L 39Π#��½ȋ�θùţ8���`;ī�ŧ̙ʠ6FʓȺʠ6FΥƜ6ɡʥ"M

1�L 3P˺�L3�͍ ùţ����8���`͍ùţ;ī8ͭǖ���6;̠5̹ή2�L�

ǐå6Π�5��2009Ɵ�MeijerJ9�͍ùţ;ī8ŗùǿƥ(΋")8ÿ˚9͍ùţēŧ˻63.
1ř�5q���h8<3/2�L3͝?1�L 1� 8I�5˼ȕ8F3�2014 Ɵ�Sugiyasu, 
Takeuchi J9�͍ùţ����8���`͍ùţ;ī6¥ʗ2üE1ǖĊ#+(ŀ 5-1-1) 4� 8ǖ

Ċ8·9�ʁĉŧʠ6Ō0�+S���q295��͍ùţΝīÎƴǖ8ͥƥ̻ʠÿ˚6�.+� 
 

 

 
5 ĄüĀüĀý÷ ƟƎƣŴÔ�@á/ŗ`!ŋŏ�ŝœŘ81
 ă÷

2.2 nm 2.1 nm2.1 nm

+ 1 vol. of
1NP

+ 2 vol. of
1NP
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� ïÎʠ69�̱ λˊ2ˤ¾#+ùţ 1PF-�1͍ùţ����8���`͍ùţ;ī6ǖĊ#
+��q�g_��]e�ɳɧ¨�ùţ 1 9ɲŪůʇǓ8x|˗ţ(1NP)Pͥƥ̻ʠ6ƴǖ#�̵
žȤ88-6�ʁĉŧʠ6Ūů5x|�RU~�(1NF)>̂ƕ̧Ţʠ6ƴǓ͓ˁ%L(ŀ 2-2-4)� 
83��ɲŪůʇǓ8 1NP8ƴǖ9�1NF8̂ʞʠ5͍ùţ;ī8ͥƥ̻ʠ6ΐŲ#1�L�1NF
8ƴǖ9̂ƕ̧Ţʠ6̘ͨ%L 3�J�ɲŪůʇǓ8 1NP> 1NFP͍ùţ;ī΍š8�o{�
(1NFseed)3#1ɫċ%L 32�͍ùţ;ī�΍š"ML�1NP> 1NFseedPɫċ%L3�ùţ 19
̂ʖX{�^�ʠ6£þ5 1NF8̂ʞʠ5ȵƴǖP%L 35��ɫċ#+ 1NFseed8ȧˋ�J8

C;ī%L�ŰΙ6�1NFseedPF-�+͍ùţ;ī8;īͥƥ̦ȱ�J�͍ ùţ����� 1NFseed

8ȧˋ�JͧΈ;īʠ6Ê΋#1�L 3�ȐJ�3"M+�#+�.1�1NFseed8ɫċ6I.1�

ȵƴǖ8oU��`�ūì6ÿ˚"ML�B+�1NFseedPF-�+͍ùţ;ī29�1NFseed3 1NP
8ɪīɑPŕ�L 32�͍ùţ����8΋"8ÿ˚�ħ˾2�.+�Â¡8 3�J�¥ʗü

8���`͍ùţ;ī�Ű̯"M+�/BK�͍ùţ;ī8ÿ˚69�ʁĉŧ295�ͥƥ̻�·

2�.+� 
� ′Ɵ�͍ùţΝīÎƴǖ8ͥƥ̻ʠ5Ǩď6ɡʥ�ΝEJM//�K 5-22�¿8`����JF

���`͍ùţ;ī6ǖĊ#+Ó���/�ōı"M1�+�)MJPÂ¢6Ƚ̤%L� 
 

 
 

5 ĄüĀüāý÷ �@��±µ/V`ťá/è>ŘÛRÎ¢ŖƅƞƂƒŕŋœŞŐŁŏÝå¢ŖÔ�@á/ Āÿ÷

 
� Miyajima, AidaJ9�΍šąPF-�+͍ùţ����8���`͍ùţ;ī6ǖĊ#+(ŀ 5-1-
2)10�̞ȁ8S�wŌPȠ%L�ȸʇ8c�z��̵žÎ9�ùţñɔˠ˨īPͥƥ̻ʠ6ƴǖ#

+�̂ʞʠ6͍ùţ;ī#5��|��2�L��ȇ�΍šą3#1F-�JM+ùţ9�S�w

Ō8ɔˠĝţ��q�Ō2˶Ǳ"M1�K(N-�q�ē)�ɔˠ˨īƴǖ8wx�3#18CɄ˾%
L�#+�.1��|��8ɳɧ3΍šąPɪī%L3�΍šą6I.1�|��8ùţñɔˠ˨

ī9ùţΎɔˠ˨ī>3ŕǱ"M�ͧΈʠ5͍ùţ;ī�΍š"ML� 8I�6�΍šąPʔ�

+ǜɟ6IK�Miyajima, AidaJ9͍ùţ����8ͧΈ;ī6ǖĊ#+� 
 

Miyajima, Aida et al.
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5 ĄüĀüĂý÷ �@��±µ/V`ŗşőœÔ�@á/ŅÛRÎ¢ŗƅƞƂƒŊţŏƕƟơƣƎŻŪƙƆÌI	 ĀĀ÷

 
� Würthner J9�S�wŌPȠ%L�����iU�w̵žÎ(PBI)�ùţñɔˠ˨īPƴǖ%L
ǋ͊Pþʔ%L 32�͍ùţ����8���`͍ùţ;ī6ǖĊ#1�L(ŀ 5-1-3)11� 8˛

29�ùţñɔˠ˨ī8ƴǖ6IK�PBI8̂ʞʠ5͍ùţ;ī�ͥƥ̻ʠ6ΐŲ"ML�ͥƥ̻
ʠ5v�r�ʇǓ6�L�|��ɳɧ>͍ùţ����8�˄�Pɫċ%L 36IK�͍ùţ�

���8���`͍ùţ;ī6ǖĊ#1�L�"J6������iU�w3S�wŌP/5�S

�]�8΋"�ʚ5L̵žÎ29�ɲŪůʇǓP˧ʖ#+͍ùţΝīÎ8ȓΎʞƆʋ́�̤ɯ"M

1�L 12� -J8˛6Ώ#1F�ɲŪůʇǓ8͍ùţΝīÎPͥƥ̻ʠ5v�r�3#1þʔ%

L 36I.1����`͍ùţ;ī6ǖĊ#1�L� 
 

 
 

5 ĄüĀüăý÷ $¢ŶƣƎƇƅƟŨƠƞŪƑƞƟťÛRÎ¢ƅƞƂƒŕŋœ��ŋŏƟƎƣŴÔ�@á/ ĀĂüĀĄ÷

 
� OttoJ9���qwΈPȠ%L��l�hqZ��̵žÎPȾǖ̠ˠ3#+̅Ĳɨ�͍ùţgi
t�Pōı#1�L 13-15�qZ��8ͼēĢǇ6É�ʐʇēīʅƴǖ8ƞ̚(ďʠc��xv�S�
�U���)3��qwΈΎ8β-g�vȾͦƴǖ8ƞ̚P˦CīO'L 32�̂ƕ̞̝%L¼Ƒ

Würthner et al.

=

Kinetic trapping

Otto et al.
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͍ùţgit�PȾ˔#+(ŀ 5-1-4)�ďʠc��xv�S��U���Pͥƥ̻ʠ5v�r�3#
1þʔ%L 32�͍ùţ����8���`͍ùţ;ī6ǖĊ#1�L�"J6�ʚ5L��q

wΈPȠ%L͍ùţ����P�o{�3%L 32�͍ùţ��r_c�����ƴǖħ˾2�

L 3Fōı#1�L 15� 
 

 
 

5 ĄüĀüĄý÷ ŨſƔƣžƣÌI	Ř��^%ť��ŋŏ�ƟƎƣŴÔ�@á/Ř}S5 Āą÷

 
�   B2ˤ¾#+ōıÓ9�ŌƣʇǓ8X{�^���wia��6Ō0��͍ùţ;ī8ͥƥ

̻ʠÿ˚�ͭǖ"M1�L 4,10-15��ȇ�Sugiyasu, TakeuchiJ9Sn��l�̵žÎ8êʚǋē6ʪ
ʥ#�ŌƣʇǓ3č͌ʇǓ8X{�^���wia��P˦CīO'L 32�ê���`͍ùţ

;ī6ǖĊ#1�L(ŀ 5-1-5)16�Sn��l�̵žÎ8 trans-Î9;īɣǋ2�L86ź#�êʚ
ǋē6I.1ƴǖ"ML cis-Î9;ī£ɣǋ5w���v˄3#1Ʉ˾%L�cis-Î6 trans-Î8�o
{�Pɪī%L,�29Ï8ŕēFʸ"5��#�#�êʀŽP̘�3w���v˄2�L cis-Î
9;īɣǋ5 trans-Î>êʚǋē%L�)#1�͍ ùţ;ī�ɫċ#+o{8ȧˋ�J8C̘ͨ#�

͍ùţ����8΋"�ÿ˚"ML� 8I�6�Sn��l�̵žÎ8êʚǋēPͥƥ̻ʠ5v

�r�3#1þʔ%L 32�͍ùţ����8ê���`͍ùţ;ī6ǖĊ#+� 
�   B2�͍ ùţ;ī8ͥƥ̻ʠ5ÿ˚6I.1���`͍ùţ;ī�ħ˾2�L 3Pˤ¾#

1�+�ˤ¾#+ 5/8Ó�J˺�L3����`͍ùţ;ī8ͭǖ%L+E6�ͥƥ̻ʠ5v�
r�3#1ÏPþʔ%L8�9ĺή35J5� 3�O�L�ì16îͤ#1�L 39�͍ùţ

;ī�ȵƴǖ-ǖ΋8�[yj��/̂ƕ̧Ţʠ6̘ͨ%L 3�)#1�͍ ùţ;ī�΍š"ML

B26̵žȤ�ťŃ%L 32�L� MJ8ȬÄPɰ+% 3�2�M:�͍ùţ����8�

��`;ī9ħ˾2�L 3�Ȥƻ"ML 13-15�#�#5�J�¡͝#+ùţ9ì1�ʆɌ�5ù

ţ2�L��̈ʠ5͍ùţ����9�+3�ȵƴǖ�ǖ΋8�[yj�2͍ùţ;ī#+3#1

F�͍ùţ;īPͥƥ̻ʠ6ÿ˚ħ˾5@4΋�̵žȤ(ȁȓΎ˃ƥ)PÉ� 39˂2�L�/B
K�͍ùţ����ƴǖ8ͥƥ̻ʠÿ˚P̘�+E69�̵žȤ8ćø�·2�L3˺�JML� 
� ˍλˊ6��1�ɲŪůʇǓ8îΝīÎƴǖPþʔ#+͍ùţΝīÎ8ȓΎʞƆ��`��P̡

ø#�̵žȤ8ÿ˚6ǖĊ#+ 9� 8˨ȴ9�ęʈ29̵žȤ�ʮ�ùţ6/�1F�ȓΎʞƆ

��`��PǇʔ%L 32�͍ùţ;ī8ͥƥ̻ʠÿ˚�ħ˾65L 3Pʸĸ#1�L�) 

2�Ȩˊ29�ȓΎʞƆ��`��PǇʔ%L 36I.1�̵žȤ8ćø3���`͍ùţ;ī

8ͭǖ%L 3P̹ή3#+(ŀ 5-1-6)�ïÎʠ69�Ȇ̢6īǖ#+ùţ 93ˍλˊ2F-�+ù

N N

R

R

N N

R R

UVvis

dormant
monomer

free
monomer

Sugiyasu, Takeuchi et al.
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ţ 28îΝīÎƴǖPͥƥ̻ʠ5v�r�3#1þʔ%L 32�͍ ùţ;ī8ͥƥ̻ʠÿ˚Pʥ

ǧ#+(ŀ 5-1-7)� 
 

 
 

5 ĄüĀüąý÷ t¥«Řz]5÷

 
 

 
 

5 ĄüĀüĆý÷ �@ āû÷Ĉ Ř�@{Ü÷
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Ąüāýµxŕ½F÷

 
ĄüāüĀý�@ Ĉ Ř¿Në/c$÷

� ùţ 98�q�g_��]e�ɳɧ¨6��L̂ƕΝīǨďPùêŧʠǜɟ�I= AFM PF-
�1̰Õ#+�"J6�ʁĉŧ�u�PF-�1�͍ùţΝīÎƴǖͬ˃P̰Õ#+� 
 
ĄüāüĀüĀý�@ Ĉ Ř¿Në/c$÷

� ùêŧʠǜɟ�I= AFM PF-���q�g_��]e�¨6��Lùţ 98̂ƕΝīǨďP
̰Õ#+� 

 
 

5 ĄüāüĀý÷ øģù�@ Ĉ Ř¿Në/c$Ř}S5÷ øĤù�@ Ĉ Ř Ēü�/	ƇƊƐŧŪƌƥøĈĘĐùŘ ČĐė V��÷ øĒęĚđ

7vĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷øĥû÷Ħù�R,:0+ŻƕųƅƠ:%÷ ø÷ġĈĢċĄÿ÷µėĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷

 
� ùţ 9 Pċʁ#+�q�g_��]e�6ùǿ"'L3�ôě6É� J-ÇīÎ(9NP)8ƴǖ�ã
�6̤ɯ"M+��%�"B H-ÇīÎ(9NF)>3ƴǓ͓ˁ#+(ŀ 5-2-1 c, d)�H-ÇīÎ8�q�g
_��]e�ɳɧP HOPGŌȰ6i��c�v#�AFM6IK̤Ÿ#+3 N�θ"˝ 2.3 nm8
x|�RU~��̤ɯ"M+(ŀ 5-2-1b)�İêƥŕēPɮƥ͔6ź#��rv%L 32�ɳɧ8
ôě6É� 9NP �I= 9NF 8ƴǖP͞…#+(ŀ 5-2-2)�)8˨ȴ�9NP 8ƴǖPʸ% 436nm 8
İêƥŕē9ɮƥ͔6ź#1g`�Uwņ8ŕēPʸ#+�#+�.1�9NP 8ƴǖ9 isodesmic
�u�6I.1̰Õ%L 3�2�L 23��ȇ�9NF8ƴǖPʸ% 404nm8İêƥŕē9�́ʗɮ
ƥ(Te)PÉ��ɮƥ͔6ź#1Υg`�Uwņ8ŕēPʸ#1�+� M9 cooperative �u�6ʆ
ǃʠ5ŕē2�L 3�J�9NF8ƴǖ9 cooperative�u�6IK̰Õħ˾2�L 24,25� MJ8

 3�J�ùţ 99�̵ žȤPÉ� 35��ʁĉŧʠ6Ūů5 9NFPƴǖ%L 3�ʸ"M+� 
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5 Ąüāüāý÷ �@ Ĉ Ř�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿăû÷ăĂą÷İįù÷

 
 

ĄüāüĀüāýīĴıĦħĴįīĥ ƜƄƠťŞŐŁŏ ĈĘĚ V`Þ¨Ř� B¢Ë�÷

� ɮƥħŕİģi�_v�ɯů8˨ȴP isodesmic�u�6ͱʔ%L 32�9NPƴǖͬ˃8ʁĉ
ŧʠ̦ȱP̱C+� 
 

 

 
5 ĄüāüĂý÷øģû÷Ĥù�@ Ĉ Ř�'Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø�'ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĈĢċĄÿ÷µėù÷øĥù�R

�A īĴıĦħĴįīĥ ƜƄƠŗşŢ ĈĘĚ V`Þ¨ŘƐũƂƃũƣŴ÷ øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċÿýĈĈĈù÷

 
� 9$E6�9NPƴǖͬ˃6/�1�isodesmic�u�PF-�+ʁĉŧʠ5̦ȱP̘.+�9NP9
9NF ƴǖă6̤ɯ"ML͍ùţΝīÎ2�L+E6�ɮƥħŕİģi�_v�ɯů8˨ȴ�J�
9NP8��İêÖȁP˒ø%L 392�5�.+�) 2�ˍλˊ8ùţ 32F-�+ǜɟ6I
.1��İêÖȁP˒ø#+ 9�)8˨ȴ�9NP8��İêÖȁ(ε9NP(436 nm) = 210000 mol l-1 cm-1 )P
ƿ+� 8Þ9��̈ʠ5���T��̵žÎ8 J-ÇīÎ8��İêÖȁ3Ĭ˃ƥ2�L�I.1�
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 8ÞPF-�1 isodesmic �u�(Ƭ 1-2)6IL 9NP ƴǖͬ˃8ļƛ̦ȱP̘.+(ŀ 5-2-3c�̛
5-2-1)�"J6�̦ȱ8˨ȴ�JƿJM+ƞ̚ůȁ KIPF-�1�van’t Hoff8Ƭ(3)�J 9NPƴǖ
6��LɁɲX�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K6��L̂ʖX{�
^�ŕē(ΔG˚)P)M*MɖE+(ŀ 5-2-3d)�Â¡�J�9NPƴǖ6��Lʁĉŧʠ����o9)
M*M�ΔH˚= –79 kJ mol-1�ΔS˚= –160 J K-1mol-1�ΔG˚= –29.6 kJ mol-13ɖEJM+� 
 
 
 
 

Ã ĄüāüĀý÷ .�RŗŃňŢ ĈĘĚ V`ŘPÂDj ĕē÷

 
ɮƥ 
(K) 

ƞ̚ůȁ KI 
(M−1) 

353 2.0×103 
348 3.0×103 
343 4.5×103 
338 6.6×103 
333 1.0×104 
328 1.6×104 
323 2.5×104 

 
 
 
 

 !"# = 1 − !'()( = 1 −
* + − *"#

*'()( − *"#
 (1) 

 
 

!"# = 1 −
2-.+/ + 1 − (4-.+/ + 1)

4/6

2-.
6+/

6  (2) 

 

 
 
 
 
 
 
 
 
 

 
ln-. =

−Δ:°

<=
+
Δ>°

<
 (3) 
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ĄüāüĀüĂýĥııĲħĳģĵīĶħ ƜƄƠťŞŐŁŏ ĈĘĐ V`Þ¨Ř� B¢Ë�÷

� ùêŧʠǜɟPF-��cooperative�u�6IL 9NFƴǖͬ˃8ʁĉŧʠ̦ȱP̱C+� 
 

 
 

5 Ąüāüăý÷ĈĘĐ V`Ř�'ÛR�A^øλ÷ċ÷ăÿă÷İįù÷

 
� ̅Ĳɨ� 36�9NFƴǖ8́ʗɮƥ9ôěͥƥ6Ôť#1�+(ŀ 5-2-4)� M9�9NFƴǖ8
ƞ̚� 9NP ƴǖ8ƞ̚3¹΅#1�L+E,3˺�JML�#+�.1�ôěͬ˃6��L 9NF
ƴǖ9ͥƥ̻ʠǹ͹¢6�L3̨�L�!�Ȟ′������iU�w8͍ùţΝīÎƴǖͬ˃6

Ĭȿ8̂ƕΝīǨď�̤ɯ"M1�L 11,12�) 2�9NF8ċʁͬ˃6Ώ#1�ʁĉŧʠ̦ȱP̱
C+� 
�  

 

 
5 ĄüāüĄý÷ øģù�@ Ĉ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷ Ā÷ĕ÷įīİüĀĿġĈĢċāĄ÷µėù÷ øĤù�@ Ĉ

Ř"�Þ¨ŗŃňŢ�R,:Á�ŻƕųƅƠ:%øλħĸ÷ċ÷Ąąā÷İįĿ"�ÛRĉ÷Ā÷ĕ÷įīİ
üĀĿġĈĢċāĄ÷µėù÷øĥù�R,:Á�

ŻƕųƅƠ�DŗŃňŢÁ�UR:%øλħį÷ċ÷ąăą÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøě
ā÷ċÿýĈĈĄù÷

 

343 303323 313
Temperature (K)
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so

rb
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ce
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t 4
04
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m
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1 K min-1
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ity

 (a
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25 µM
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[9]

15 µM

50 µM
30 µM

646 nm

ln
 K

e

9

10

11

0.00285 0.0029 0.00295
1 / T e (K-1)

d 12
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so
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an

ce
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0.8
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0.2

0.6

1.0
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� ŀ 5-2-5a6�9NF8ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�308 K6��1�H-ÇīÎ6ʆ
ǃʠ5İģi�_v��̤ɯ"M+��ɳɧ8ċʁ6É���|��3 J-ÇīÎ6ʆǃʠ5İģi
�_v�>ŕē#+�ċʁ6É��9NF9�|��>3̦Ο%L��)M3Ĭȓ6̦Ο#+�|�
��J 9NP �ƴǖ"ML�#+�.1�İêƥŕē�JȐʴ5́ʗɮƥPɘů%L 39ľΠ2
�.+�) 2�ɮƥħŕ̖êi�_v�ɯůPF-�1 9NF 8́ʗɮƥPɘů%L 3P̱C
+�ùţ 9 8�|���I= 9NP(J-ÇīÎ)29�č͌ʇǓ�JŌƣʇǓ>8Ͳˁ�̭ŴͲˁ2�
L+E̖ê�̤ɯ"ML��9NF(H-ÇīÎ)29Ͳˁ�̭Ŵ"M5�+E̖ê�̤ɯ"M5� 9�Ű

Ι6�9NF8ɳɧ8ċʁ6É��̖êƱƥ8Œċ�̤ɯ"M+(ŀ 5-2-5b)��|��3 9NP8ƴǖ
ͬ˃2̖êƱƥ8ŕē�̤ɯ"M5�.+ 646 nm 8̖êƱƥPɮƥ͔6ź#1��rv%L3�
Ȑʴ5́ʗɮƥPÉ��Υg`�Uwņ8ŕē�̤ɯ"M+(ŀ 5-2-5c)�Ƭ(4)�J́ʗɮƥ6��
L)M*M8�|��ɹƥP˒ø#�van’t Hoff 8Ƭ(6)6ͱʔ%L 32�x|g�vƴǖ6��
LɁɲX�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)P)M*MɖE+(ŀ 5-2-5d�̛ 5-
2-2)�)8˨ȴ�9NFƴǖ6��Lʁĉŧʠ����o9)M*M�ΔH˚= –125 kJ mol-1�ΔS˚= –273 
J K-1mol-1�ΔG˚= –40.8 kJ mol-13ɖEJM+�̛ 5-2-36 9NP�I= 9NF8ƴǖ6��Lʁĉŧʠ
����oPB3E+� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 

 
Ã Ąüāüāý¾��RøĝħùŗŃňŢ�@ Ĉ ŘƜƊƘƥ�Rŕ ĈĘĐ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

350 40.3 ���
104 
345.5 24.8 ���
104 
344.5 21.0 ��

104 
343 17.1 ���
104 
341 13.0 	�	
104 

 
 

Ã ĄüāüĂý�@ Ĉ ŘÔ�@ë/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

 
 ΔH° 

(kJ mol(1) 
ΔS° 

(J mol(1 K(1) 
ΔG° at 308 K 

(kJ mol(1) 
9NP (79 (160 (29.6 
9NF (125 (273 (40.8 
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Ąüāüāý�@ ā ťŞŐŁŏ�@ Ĉ Řoé JƒƢŴƞƚ÷

� ùţ 99̵žȤPÉ� 35�͍ùţ����Pƴǖ#+�B+�ùţ 98͍ùţΝīÎ9̂ʞ
ʠ6ƴǖ"M1#1#B�+E�)8ƴǖͬ˃PǑŀʠ6ÿ˚%L 392�5�.+�F#�ù

ţ 98͍ùţ����ƴǖ6��L̵žȤPȁȓΎia��B2ƫ΋%L 3�2�M:�͍ ùţ

ΝīÎƴǖ8ͥƥ̻ʠÿ˚�ħ˾65L3Ȥƻ"ML� 
 

 

 
5 Ąüāüąý÷ �@ ā ŗşŢ�@ Ĉ Řoé JƒƢŴƞƚ÷

 
� ) 2�͍ùţΝīÎƴǖ6��L̵žȤ8ćøPʥʠ6�ˍλˊ2̡ø#+ȓΎʞƆ��`�

�Pùţ 9 6ź#1̘.+�%5O-�ùţ 2 3ùţ 9 8îΝīÎƴǖ(“Shuffling”)P͍ùţ��
��ƴǖ8ͥƥ̻ʠ5v�r�3#1þʔ#�ùţ 98ȵƴǖ (“Selection”)8ʴʊPÍ¢"'L 
32�̵žȤ8ćø�ħ˾2�L3˺�+(ŀ 5-2-6)�  2�ùţ 2 9 H-ÇīÎ�J5L͍ùţ
����Pƴǖ#5��#+�.1�îΝīÎ((2+9)NP)8ȓΎʞƆʋ́6��1�ùţ 2 9 2NP
>�ùţ 99 9NF>)M*M̂ƕΝī%L 3�²ǐ"ML�Â¡8Ã̷�ɉ#�3%M:�ɲŪ
ůʇǓ8(2+9)NP> 9NFP͍ùţ;ī΍š8˄3#1ɫċ%L 32�ùţ 18Ŏī3Ĭȿ6��
��`͍ùţ;ī8ͭǖ�Ȥƻ"ML(ŀ 5-2-6 Σˮ)� 
� ) 2�ùţ 2PF-�+ùţ 98ȓΎʞƆ��`��6/�1̰Õ#+� 
 
 
  

9
2

9·9

9·9

9·2

2·2

9·9·9·9·9·9

Nucleation only 
from 9

Elongation 
from the 
nuclei

'Selction'

Coassemble through 
isodesmic model

'Shuffling'

+9NFseed

(2+9)NP 9NF

Elongation 
from the

seed
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ĄüāüāüĀý�@ ā ŕ�@ Ĉ Ř�ë/	V`÷

� ùêŧʠǜɟ�I= AFMPF-��ùţ 23ùţ 98îΝīÎƴǖP̰Õ#+� 
 

 
 

5 ĄüāüĆý÷ øģù÷ �@ ā ŕ�@ Ĉ Ř�/°Řë/c$Ř}S5÷ øĤù�ë/	øāúĈùĘĚ Ř ČĐė V��÷ øĒęĚđ 7vĿ

ŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷ øĥù÷ �R,:0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ÷µėĿġāĢĉġĈĢċĄÿĉĄÿĿ�'ÛRĉ÷Ā÷ĕ÷įīİüĀù÷ øĦù÷

�'Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿăû÷ăĂą÷İįù÷

 
� ùţ 23 9Pɹƥɑ 1ź 12ɪī#+�q�g_��]e�ɳɧ6/�1�İģi�_v�ɯů
P̘.+([2]:[9] =50 : 50, ŀ 5-2-7a)�)8˨ȴ�ċʁ#+�q�g_��]e�ɳɧ8ôě6É�
J-ÇīÎƴǖ6ʆǃʠ5İģi�_v��̤ɯ"M+(ŀ 5-2-7 c)�ôě6É�İêƥŕēPɮƥ͔
6ź#��rv%L 32�9NP8ƴǖP�I= 9NF8ƴǖP͞…#+(ŀ 5-2-7d)�ΥƜ6̅Ĳɨ
� 36�9NF8ƴǖPʸ% 404nm8İêƥŕē9ì�̤ɯ"M&�9NP8ƴǖPʸ% 436 nm8
İêƥŕē8C�̤ɯ"M+�"J6� 8ɳɧP HOPG ŌȰ6i��c�v#�AFM 6IK̤
Ÿ#+3 N�x|�RU~�8ƴǖ9ì�̡JM&�x|˗ţ8C�̤ɯ"M+(ŀ 5-2-7b)�#
+�.1�ùţ 23ùţ 9Pɪī%L 32�îΝīÎ(2+9)NP�ƴǖ"ML 3�ȐJ�35.
+� 
 
 
 
 
 

350 500400 450
Wavelength (nm)

Ab
so

rb
an

ce 1.6

0.8

0

283 K

313 K

373 283343 313
Temperature (K)

Ab
so

rb
an

ce

1.2

0.8

0

404 nm

436 nm

0.4

1.62.4

a

coassembly
(2+9)NP

2Mono Cooling

Heating

9Mono

b

c d
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N 
�
�-�� �� Gm 
 * . ,Yi[X,bId^+A%JZnKOMJP<N4[OH�bIcn/�	� 4� !="�

	#9
:�9.:�0�
��µ5#9
:�9.:0
�
 ��� bId^+A%JManOH�λ 0�)(+�"!  

 
� ɇ6�ùţ 23ùţ 98ɪīɑPŕ�1Ĭȿ8ɯůP̘.+�)8˨ȴ�ùţ 98ɪīɑ� 60 %
B29îΝīÎ((2+9)NP)8ƴǖ�ʴ̳"M+(ŀ 5-2-8)�"J6�ɳɧ8ôě6É�İêƥŕēPɮ
ƥ6ź#1��rv#+3 N�ùţ 2 3 9 8ɪīɑ6ÔJ&�Ĭȿ8ŕē�̤ɯ"M+(ŀ 5-2-
8b)� 8 3�J�(2+9)NP8ʁĉŧʠŪůǋ9ùţ 23ùţ 98ɪīɑ69ƷΩ"M5� 3�
ʸĸ"M+� 
 
Ąüāüāüāý�ë/	Řoé J�Ð÷

� ùţ 23 9Pɪī%L 32�îΝīÎ(2+9)NP8ƴǖ�ʴ̳"M+�ɇ6�(2+9)NP8ȓΎʞ
Ɔʋ́6/�1�ùêŧʠǜɟ�I= AFM6IK̰Õ#+� 
 

 
5 ĄüāüĈý÷ øģùøāúĈùĘĚ Řoé J�ÐŘ}S5÷ øĤùøāúĈùĘĚ Řoé J�ÐXŘ ČĐė V��øġāĢĉġĈĢċĄĉĄĿĒęĚđ

7vĿŻŵƥƠƌƥĉ÷ăÿÿ÷İįù÷øĥùøāúĈùĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ�µėĿġāĢĉġĈĢċĄĉĄĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 

350 500400 450
Wavelength (nm)
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so

rb
an

ce 1.6

0.8

0

283 K

313 K

373 283343 313
Temperature (K)
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so

rb
an

ce
 a

t 4
36

 n
m

(i) [2]:[9] = 40:600.2
2.4

a b

(ii) [2]:[9] = 50:50
(iii) [2]:[9] = 60:40
(iv) [2]:[9] = 70:30

0 123 6
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rb
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ce
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Stirring at 400 r.p.m.

MCH at 308 K

(2+9)NP 9NF 2NP

70:30
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[2]:[9]

50:50
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� 308 K 6��1�(2+9)NP ɳɧ6ź#ǶǤP̘.+3 N�ȓΎ˧ͬ6É��İģi�_v�ŕ
ē�̤ɯ"M+(ŀ 5-2-9c)�ȓΎʞƆ6É���|��3ɑ͕#1ʮɠ΋6g�v#+��_�̤
ɯ"M+� 8˨ȴ9�ȓΎ˧ͬ6É� H-ÇīÎ�ƴǖ"M+ 3Pʸ#1�L�ɇ6�ȓΎʞƆ
ʠ5ƴǓ͓ˁ6É� 558 nm8İêƥŕēPȓΎ͔6ź#1��rv#+(ŀ 5-2-8d)�²ǐͤK�ȁ
ȓΎ8̵žȤPÉ��J-ÇīÎ�J H-ÇīÎ>̂ƕ̧Ţʠ6ƴǓ͓ˁ%L 3�ʸ"M+� 83
��(2+9)NP6��Lùţ 28Ćī�ř��5L@4̵žȤ9ͫƫ"MLâĮ�̤ɯ"M+�"J
6�ȓΎʞƆʋ́6É�İêƥŕē9ùţ 9 8ɪīɑ6Ôť#1�L 3�ȐJ�35.+(ŀ 5-
2-9d�ŀ 5-2-10)� M9�(2+9)NP 9ɲŪůʇǓ8͍ùţΝīÎ2�K�̵žȤ88-6�ùţ 2
9 2NP >�ùţ 9 9 9NF >)M*MƴǓ͓ˁ%L 3PȐʸ#1�L(self-sorting)(ŀ 5-2-6)9,26,27�

#+�.1�ùţ 2PF-�1ùţ 98ȓΎʞƆ��`��P̘� 32�͍ùţΝīÎƴǖ8̵
žȤ8ćø�ħ˾2�L 3�ʴ�EJM+� 
 

 
 

5 ĄüāüĀÿý÷ øāúĈùĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ øġāĢúġĈĢċĄÿ÷µėĿ�Rĉ÷ Ăÿć÷ ĕĿgbÛRĉ÷ ăÿÿ÷

ĳýĲýįýù÷øģùġāĢĉġĈĢċăĉą÷øĤùġāĢĉġĈĢċĄĉĄ÷øĥùġāĢĉġĈĢċąĉă÷øĦùġāĢĉġĈĢċĆĉĂ÷
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ĄüāüĂýoé JƒƢŴƞƚŗşšE�ōŢƟƎƣŴÔ�@á/÷

� ùţ 2PF-�+ùţ 98ȓΎʞƆ��`��6I.1�ùţ 98̂ʞʠ5͍ùţ;ī8΍šP
ͫƫ"'L 36ǖĊ#+�ŀ 5-2-9d �JȐJ�5I�6�(2+9)NP �J8 9NF >8ƴǓ͓ˁ9
̂ƕ̧Ţʠ6̘ͨ%L� 8 3�J˺�L3�ŀ 5-2-6 6ʸ%I�6�ɲŪůʇǓ8(2+9)NP 6
9NFP;ī΍š8˄3#1ɫċ%L 32�͍ ùţ;ī8΍šȓΎPǑŀʠ6ÿ˚%L 3�ħ˾

2�L3˺�JML�) 2�9NFP;ī΍š8˄3#1F-�+͍ùţΝīÎƴǖ8ÿ˚6/�
1�ùêŧʠǜɟ�I= AFM�J̰Õ#+� 
 
 
ĄüāüĂüĀý©á/ĉ÷ĈĘĐĴħħĦťŞŐŁŏ�@ ā ŘÔ�@á/ŘË�÷

� ;ī΍š6F-�L˄9�͍ΨɠʀŽ6IKʮ�ùȅ#+ 9NF PF-�+�ÂΑ�˄P 9NFseed

3̫%� 

 
 

5 ĄüāüĀĀý÷øģù©á/Ř}S5÷ øĤù÷ĈĘĚĴħħĦ�"XŘ0+ŻƕųƅƠ:%øġāĢ÷ċĄÿ÷µėĿġĈĘĐĴħħĦĢĉġāĢċĀĉĀÿÿĿ�Rĉ÷Ăÿć÷

ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 
� 9$E6�2NP6ź#1 9NFseedPɫċ#+3�8İģi�_v�ŕēP͞…#+(ŀ 5-2-11)�)
8˨ȴ�˄8ɫċ6É�İģi�_v�ŕē9ì�̤ɯ"M5�.+(ŀ 5-2-11b, c)� 8˨ȴ9�
ùţ 29͍ùţ;ī6Ώ¤#5� 3Pʸ#1�L�#+�.1�˄8ɫċ6IKƴǖ"MLx|
�RU~�9ùţ 98C�J5L 3�ʴ�EJM+� 
 
 
 
 
 
 
 
 
 

MCH at 308 K
9NF 2NP

9NFseed (1/100 eq.)
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[2]:[9]

0 ~ 60 min

Ab
so

rb
an

ce

0

0.8

0.2

600
Wavelength (nm)

b

550

0.6

0.4

1.0

2NP



 112 

ĄüāüĂüāý©á/ĉ÷ĈĘĐĴħħĦťŞŐŁŏ�ë/	øāúĈùĘĚ ŘÔ�@á/ŘË�÷

 

 
5 ĄüāüĀāý÷ øģù©á/Ř}S5÷ øĤùĈĘĚĴħħĦ�"XŘ0+ŻƕųƅƠ:%øġāĢúġĈĢċĄÿ÷µėĿġĈĘĐĴħħĦĢĉġøāúĈùĘĚĢċĀĉĀÿÿĿ

�Rĉ÷Ăÿć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùoéØŗGōŢ0�R:%øλ÷ċ÷ĄĄć÷İįù÷

 
� ùţ 2 3ùţ 9 Pɹƥɑ 1 ź 1 6ɪī#+ɲŪůʇǓ8(2+9)NP 6ź#1�9NFseedP 0.01 Ƴ΀
ɫċ#+3�8İģi�_v�ŕēP͞…#+(ŀ 5-2-12b)�̅Ĳɨ� 36�2NP 6 9NFseedPɫ

ċ#+Ŏī39ʚ5K�9NFseed8ɫċ6É� H-ÇīÎ>8İģi�_v�ŕē�̤ɯ"M+(ŀ 5-
2-11b)� 8˨ȴ9�ɲŪůʇǓ8(2+9)NP6ź#1 9NFseedPɫċ%L 36IK�͍ùţ;īP

΍š2�L 3Pʸ#1�L� 
� (2+9)NP 6įBMLùţ 2 3ùţ 9 8ɪīɑPŕ�+3 N�9NFseed8ɫċ6É�İêƥŕē

9�ùţ 9 8Ćī6Ôť#1�L 3�ȐJ�35.+(ŀ 5-2-12c)� M9�9NFseed8ɫċ6I

K�ùţ 98C�ɫċ#+˄8ȧˋ6;ī%L 3Pʸ#1�L� 8˨ȴ�JF�9NFseed8ɫċ

6IKƴǖ"MLx|�RU~�9ùţ 9 8C�J5L 3�ʴ�EJM+�̅Ĳɨ� 36�
9NFseed8ɫċƽ�İģi�_v�ŕē�ū±%LB26̠%LȓΎ9�(2+9)NP6įBMLùţ 2
3ùţ 98ɪīɑ6I.1ʚ5L 3�ʸ"M+(ŀ 5-2-12c)� 8˨ȴ9�(2+9)NP6įBMLù
ţ 23ùţ 98ɪīɑPŕ�L 32�͍ ùţ;ī8;īͥƥ8ÿ˚�ħ˾2�L 3Pʸĸ#1

�L� 
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ĄüāüĂüĂý©á/Řá/ÛRÇw÷

� 9NFseed 8ɫċ6I.1΍š"ML͍ùţ;ī6/�1̰Õ%L+E6�˄;īͥƥ̦ȱP̘.

+��̈ʠ6�˄;īͬ˃9ɇƬ2̛% 3�2�L 25� 

 

Z + :)

S[
⇌

S]

:)[4  

-B =
S[

S]
 

 

� ùţ 98Ŏī�9NF8ƞ̚ůȁ KE9 106 M-1IKř�5Þ2�L 3�J�̦;īͥƥ k–9ɽ̣

2�L@4ſ"�3Ãů2�L�%L3�˄;īͬ˃9ɇ8I�6̛% 3�2�L 4� 

 ^_`a` + ^bcdeef
M
^bc   

 
  �J�˄;ī8;īüͥƥ v09�ĢǇɇȁP a3#1ɇ8Ƭ�J̛% 3�2�L� 
 

 

gU = S[^_`a`][^bcdeef]
h 

gU ∝ −
Qj

QR
 

 

 
"J6�¦͚8źȁP3L 32�;īüͥƥ3ĢǇɇȁ8ΏÖƬ(8)Pž� 3�2�L� 
 

 

log	 gU = log	{S ^opqp ^bcdeef
r} 

log −
Qj

QR
∝ tlog ^bcdeef + + 

(8) 

 
� ùţ 23ùţ 9P 1ź 16ɪī#+ɲŪůʇǓ8(2+9)NP6ź#1�9NFseedPɫċ#+3�8İ

ģi�_v�ŕēP͞…#+�;īüͥƥ9�İģi�_v�8ȓΎŕē6Ώ#1�ˮƴ̦ȱP̘

� 32˒ø#+� 
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5ĄüāüĀĂý÷øģù©á/Ř}S5÷ øĤù÷ĈĘĚĴħħĦ�"XŘƜƠ0�
jŘoé:%øġāĢúġĈĢċĄÿ÷µėĿġāĢĉġĈĢċĄĉĄĿ�Rĉ÷Ăÿć÷

ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĥùSøćùŗ7ŒŇ©á/Řá/ÛRÇwø�ņĉÿýĈĆù÷

 
� ɲŪůʇǓ8(2+9)NP 6ź#1 9NFseed Pɫċ#+3 N���İêÖȁ8ȓΎŕē�̤ɯ"M

+(ŀ 5-2-13b)�;ī΍šʦƽ8��İêÖȁ8ŕē6ź#1ˮƴ̦ȱP̘� 32���İêÖȁ
8ȓΎŕēP˒ø#+�ƿJM+��İêÖȁ8ȓΎŕē8źȁPɫċ#+ 9NPseed 8ɹƥ8źȁ

6��rv#�ˮƴ̦ȱP̘.+(ŀ 5-2-13c)�)8˨ȴ�ƿJM+ʦˮ8â�� 0.972�L 3�
J�˄;ī6��LĢǇɇȁ9 12�L 3�ʸ"M+�#+�.1�ɲŪůʇǓ8(2+9)NP6ź
#1 9NFseed Pɫċ%L 32΍š"ML͍ùţ;ī9�ͧΈ;īʠ5ͬ˃2�L 3�ȐJ�3

5.+ 28�B+�͍ùţ;ī6��1�;ī8ɣǋɼ9͍ùţ����8ȧˋ8C2�L�B+�

͍ùţ;ī6��1ĢǇßɈ9ŌȨʠ6ʒ$5� 3�J 1�ȓΎʞƆ��`��6IKŰʋ"M

LͧΈ;īͬ˃9���`͍ùţ;ī2�L� 
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ĄüāüĂüăýƟƎƣŴÔ�@á/ŗşŢÔ�@ƗƟƘƥŘçŊŘ�Z÷

� ɲŪůʇǓ8(2+9)NP 6ź#1 9NFseed Pɫċ%L 32�͍ùţ;īPͥƥ̻ʠ6ÿ˚2�L

 3�ȐJ�35.+�͍ùţ;īͬ˃8;īͥƥ̦ȱ�J�ȓΎʞƆ��`��6IKŰʋ"M

LͧΈ;īͬ˃9���`͍ùţ;ī2�L 3�ʸ"M+����`͍ùţ;ī6��19�

(2+9)NP 3 9NFseed 8ɪīɑ([9]/[9NFseed]: [9]9˛¨6ťŃ%Lùţ 9 8ìɹƥ)Pŕ�L 32�
9NF 8΋"8ÿ˚�ħ˾2�L 3�Ȥƻ"ML 4,29,30�) 2�˄;ī6I.1ƴǖ"ML 9NF
8΋"8̰ÕP̘.+� 
� îȠ˨ī�J5L����8Ŏī�ùţ΀8ɯů69ʧźɟ2�LeUjǫΔ_��v`��T

�GŁȠ˙ƥɯů�˫ źɟ2�Lêǿ¯ɟG MALDI-MS�əΑƞ̚ɟ546I.1ȁƞŅùţ΀G
;΀ƞŅùţ΀�ɯů"M1�L 31�#�#5�J�ɑ͕ʠư�ΥîȠ˨ī�J5L͍ùţ���

�8Ŏī�)8I�5ɯůȇɟPͱʔ%L 39ľΠ2�L�#+�.1�′Ɵ�͍ùţ����

8΋"8̰Õ69 AFM G TEM PF-�1ʦǭe���8eUjPɯů%Lǜɟ�ʔ�JM1�
L 4,14-16,18,29,30�Ȩʰˇ6��1F�AFMPF-�1͍ùţ����8΋"P̰Õ#+�B+�ȁƞ
Ņ΋"(Ln)�;΀ƞŅ΋"(Lw	�ŗùǿƥ(PDI = Lw/Ln)9ɇƬ�JɖEJML� 
 

 

u) =
FGuG

)
GH4

FG
)
GH4

 

uI =
FGuG

6)
GH4

FGuG
)
GH4

 

JKL = uI/u) 

 

 

 
5 ĄüāüĀăý÷øģüĦùČĐė V��øģùĈĘĐĴħħĦ÷øĤù÷øāúĈùĘĚ÷øĥù÷ġĈĘĐĴħħĦĢĉġĈĢ÷ċĀĉā÷øĦù÷ġĈĘĐĴħħĦĢĉġĈĢ÷ċĀĉă÷øĒęĚđ 7vĿŻŵƥƠ

ƌƥĉ÷ăÿÿ÷İįù÷ øħù÷ ƇƊƐŧŪƌƥŘçŊ�OŗêōŢ²ªRj5÷ øīù÷ ĈĘĐĴħħĦ÷ øīīù÷ ġĈĘĐĴħħĦĢĉġĈĢ÷ ċĀĉā÷ øīīīù÷ ġĈĘĐĴħħĦĢĉġĈĢ÷

ċĀĉă÷øĨù÷ĈĘĐ ŘjP6çŊøĖİû÷
 ĿáâP6çŊøĖķû÷)ùŘ�/��A^÷ øĩùĈĘĐ Ř<�iRøĖķþĖİùŘ�/��A

^÷
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a b c d
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� ���`͍ùţ;ī6F-�L˄ 9NFseed9�9NF 8�q�g_��]e�ɳɧ6ź#1 288 K
2͍ΨɠʀŽP 3ȓΎ̘� 32Ðǖ#+� 8ɳɧP HOPGŌȰ6i��c�v#�AFM ̤Ÿ
ʔ8e���PÐǖ#+�AFM̤Ÿ6IK 9NFseed8΋"Pɯů#+3 N�ȁƞŅ΋"(Ln)�;΀
ƞŅ΋"(Lw)�ŗùǿƥ(PDI = Lw/Ln)9)M*M�126 nm�150 nm�1.22�.+(ŀ 5-2-14 a, e)�ɇ
6�űɮ6��1 9NFseed 8�q�g_��]e�ɳɧ([9NFseed]=25 µM)6ź#�ɲŪůʇǓ8
(2+9)NP8�q�g_��]e�ɳɧ([(2+9)NP]=25 µM�[2]:[9]=5:5)Pċ��ȁùΎǶǤP̘.+�
)8ƽ�ƿJM+ɳɧPF-��é3Ĭȿ6 AFM̤Ÿʔ8e���PÐǖ#+�(2+9)NP8 AFM
̤Ÿ�J9�x|�RU~�9̤ɯ"M5�.+(ŀ 5-2-14b)�̅Ĳɨ� 36�9NFseed3(2+9)NP
Pɪī#+e���29�9NFseedIKF΋�x|�RU~��̤Ÿ"M+(ŀ 5-2-14c, d)�)M*M
8x|�RU~�8΋"Pɯů#�ȁƞŅ΋"(Ln)�;΀ƞŅ΋"(Lw)�ŗùǿƥ(PDI = Lw/Ln)P˒
ø#+(ŀ 5-2-14e)�)8˨ȴ�˄;ī6IKʒǖ"MLx|�RU~�8΋"9˄(9NFseed)3ɲŪ
ůʇǓ8x|˗ţ(2+9)NP 8ɪīɑ6ź#1ʦˮǋPʸ#+(ŀ 5-2-14f)4,29,30� 8 3�J�ȓΎ

ʞƆ��`��6IKŰʋ%L���`͍ùţ;ī6I.1�͍ ùţ����8΋"8ÿ˚�ħ˾

2�L 3�ȐJ�35.+(ŀ 5-2-14f, g�̛ 5-2-4)� 
�

 
Ã Ąüāüăý÷ ƇƊƐŧŪƌƥŘçŊ÷

 
982 

[9]/[9NFseed] 
"46+�(Ln) 

(nm) 
�846+�(Lw) 

(nm) 
'3�, 

(PDI) 
1 126 150 1.20 
2 214 250 1.17 
4 435 567 1.30 

�

�
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ĄüĂýµÎ÷

� Ȩˊ29�ˍλˊ2̡ø#+͍ùţΝīÎ8ȓΎʞƆ��`��PǇʔ%L 32�͍ùţΝī

Îƴǖ8ͥƥ̻ʠÿ˚P̱C+�ùţ 99��q�g_��]e�ɳɧ¨6��1�H-ÇīÎ8x
|�RU~�Pƴǖ%L�x|�RU~�8ƴǖ9�̵žȤPÉ� 35�̘ͨ%L+E�)8ƴ

ǖͬ˃PǑŀʠ6ÿ˚%L 392�5��̅Ĳɨ� 36�ùţ 96ź#1ùţ 2PF-�+ȓ
ΎʞƆ��`��P̘� 32�x|�RU~�ƴǖͬ˃6ȁȓΎ8̵žȤPćø%L 36ǖĊ

#+�x|�RU~�8ƴǖ9̂ƕ̧Ţʠ6ƴǖ"ML 3�ȐJ�35.+�"J6�ɲŪůʇ

Ǔ8îΝīÎ(2+9)NP 6ź#1͍ùţ;ī΍š8˄35L 9NFseed Pɫċ%L 32����`͍

ùţ;ī�ͭǖ"M+����`͍ùţ;ī6I.1ʒǖ"M+x|�RU~�8΋"9�9NFseed

3(2+9)NP8ɪīɑPŕ�L 32ÿ˚ħ˾2�.+� 
� Ȩˊ6��1ͭǖ#+�ȓΎʞƆ��`��6IKŰʋ%L���`͍ùţ;ī�9� MB2

ōı"M1�+���`͍ùţ;ī8ʰˇÓ39ʚ5K�ͥ ƥ̻ʠ5v�r�PñŃ%LʆɌ5ù

ţPǅ̠3#5��%5O-� MB2΋"8ÿ˚9ľΠ2�L3"M1�+ȁŗ�8͍ùţ��

��6ź#1F�ȓΎʞƆ��`��PǇʔ%L 32�͍ùţ;ī8˚ŵÿ˚�Ȩ͊ʠ69ħ˾

2�L 3Pʸ#1�L�2009Ɵ�MeijerJ��͍ùţ;ī8˚ŵÿ˚9͍ùţēŧ˻6̹'JM
+̹ή8�/2�L�3Ĺ�1�L 1�Ȩʰˇ8ǖȴ9� 8Ĵή6�/8ļˑP¤�L 365

L,N�� 

 
5 ĄüĂüĀý÷ t¬Řz]5÷

 
  

Monomer Supramolecular
Polymer

+
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Monomer Supramolecular
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+
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ĄüăýEó÷

÷

ĄüăüĀýƗƠƐũƟƣÌI	øĈùŘ/`÷

� ʆ6̛̫85�ΒK�̱̔�I=ɳŢ9�ƗͅĶP˚̝'&)8BBF-�+�°ʂɳŢ9�Ɨ

ͅ"M1�LF8PF-�+�ì18ĢǇ9S�d�ΡĿɓ¢2̘.+�īǖ9i]�� 5-4-1 6
ƾ.1̘.+�S13�S149Ȋō 46ƾ�īǖP̘.+� 
 
Żűƥƚ ĄüăüĀ÷
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O
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, TEA
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S13 :

Bis(pinacolate)diboron
PdCl2(dppf), KOAc

DMSO

Pd(PPh3)4, Na2CO3

DMF, EtOH, H2O
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S11

S10

S9
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ĄüăüĀüĀý%/� ĜĈ Ř/`÷

� 4-��w�W|��(1.34 g, 6.11 mmol)�2-(BOC-S�|)Xq�=���w(1.13 g, 5.05 mmol)�ɻͼ
[�V�(7.40 g, 53.5 mmol)6 N,N-h�q����S�w(17 mL)Pċ��65 �C2 9ȓΎċʁǶǤ
P̘.+�ĢǇɳɧPűɮB2Ǽô#+8-�ͺͼXq�Pċ��ȠɄʧP̓ʘɔ2ɢɥ#+�Ƞ

ɄʧPʳͼxv�V�2°ʂ"'+8-�[��_��v`��T�(g�[b��_�����)
6IL˚̝P̘��ēīʅ S9Pƿ+(1.57 g, ģʊ: 86 %)�Ĭů9�1H NMRɯů�J̘.+� 
 
1H NMR (CDCl3, 298 K) δ 1.45 (9H, s, tBu-), 3.50-3.54 (2H, m), 3.96-3.99 (2H, m), 4.95 (1H, -CONH-), 6.66 
(2H, d, J = 8.4 Hz), 7.55 (2H, d, J = 8.4 Hz). 
 
ĄüăüĀüāý%/� ĜĀÿ Ř/`÷

� ͺͼXq�(12 mL)�Őͼ(12 M, 6 mL)8ɳɧPűɮ2ǶǤ#�) >ēīʅ S9 (1.01 g, 2.78 mmol)
8ͺͼXq�ɳɧ(6 mL)Pɵ¢#+�ɵ¢ū±�J 5ù˧ͬ%L3�ʟ̉8əɏ�ř΀6ȱø#+�
"J6 3 ȓΎűɮ2ǶǤP̘.+8-�əɏʅPNĤ#+�NʅPͺͼXq�2ɢɥ%L 32�
ēīʅ S10Pʟ̉8ŁÎ3#1ƿ+(515 mg, ģʊ: 62 %)�Ĭů9�NMRɯů�J̘.+� 
 
1H NMR (D2O, 298 K) δ 3.24-3.27 (2H, m), 4.08-4.11 (2H, m), 6.69 (2H, d, J = 8.8 Hz), 7.53 (2H, d, J = 8.8 
Hz). 
 
 
ĄüăüĀüĂý%/� ĜĀĀ Ř/`÷

� ēīʅ S10(472 mg, 1.58 mmol)P°ʂh_���o�(20 mL)�v�Xq�S��(1.8 mL)6ɳ̦"
'�ɕɦPF-� 0 ˚C6ôě#+�) >ēīʅ S138°ʂh_���o�ɳɧ(15 mL)PH.�
K3ɵ¢#�űɮ2 5ȓΎǶǤP̘.+�ĢǇɳɧ6h_���o�Pċ��ȠɄʧP̓ʘɔ2ɢ
ɥ#+�ȠɄʧPʳͼxv�V�2°ʂ"'+�[��_��v`��T�(g�[b��_���
��)6IL˚̝P̘��ēīʅ S11Pʟ̉8ŁÎ3#1ƿ+(1.15 g, ģʊ: 79 %)�Ĭů9�NMRɯ
ů�MALDI-TOF-MS�J̘.+� 
 
1H NMR (CDCl3, 298 K) δ 0.849-0.882 (9H, m), 1.25-1.29 (48H, m), 1.41-1.50 (6H, m), 1.65-1.82 (6H, m), 
3.80-3.84 (2H, m), 3.95-4.00 (6H, m), 4.09-4.12 (2H, m), 6.40 (1H, -CONH-), 6.68 (2H, d, J = 8.8 Hz), 6.93 
(2H, s), 7.55 (2H, d, J = 8.8 Hz).; MALDI-TOF mass (dithranol): calcd. for C51H86NO5I: 919.56; found: 920.69. 
 
 
ĄüăüĀüăý%/� ĜĀā Ř/`÷

� ēīʅ S11(1.11 g, 1.20 mmol)��i(�xc�v)h���(340 mg, 1.34 mmol)�ͺͼ[�V�(345 
mg, 3.52 mmol)�[1,1’-�i(h�Wy��i�T|)�W�k�]h_����hV�(II)(45.3 mg, 
0.0619 mmol)P°ʂ DMSO6ɳ̦"'�80 ̊ C2 24ȓΎċʁǶǤP̘.+�ĢǇɳɧPűɮB2Ǽ
ô#+8-�ŐēS��yV�ɔɳɧ(400 mL)Pċ�+�ͺͼXq�6ILǢø88-�ȠɄʧP
ʳͼxv�V�2°ʂ"'+�[��_��v`��T�(g�[b��_�����)6IL˚̝
P̘��ēīʅ S12Pʟ̉8ŁÎ3#1ƿ+(633 mg, ģʊ: 57 %)�Ĭů9�NMRɯů�J̘.+� 
 
1H NMR (CDCl3, 298 K) δ 0.86-0.90 (9H, m, CH3-), 1.26-1.33 (60H, m, (CH3)2-C-, CH3-(CH2)8-CH2-CH2-
CH2-O-), 1.42-1.48 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.69-1.83 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-
O-), 3.85 (2H, dt, -NH-CH2-CH2-O-), 3.96-4.01 (6H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.18 (2H, t, -NH-
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CH2-CH2-O-), 6.46 (1H, t, -NH-CH2-CH2-O-), 6.90 (4H, d, C6H4), 6.95 (2H, s, C6H2), 7.75 (2H, d, C6H4).; 13C 
NMR (CDCl3, 298 K), δ 14.11, 22.68, 24.85, 26.07, 29.36, 29.39, 29.58, 29.63, 29.69, 29.72, 30.30, 31.92, 
39.55, 66.66, 69.37, 73.50, 83.62, 105.75, 113.79, 129.31, 136.63, 141.27, 153.11, 161.02, 167.66. 
 
ĄüăüĀüĄý%/� Ĉ Ř/`÷

� ēīʅ S14(67.8mg, 0.0911 mmol)�S12 (202 mg, 0.220 mmol)�ɻͼxv�V�(55.9 mg, 0.527 mmol)
P N,N-h�q����S�w(18 mL)�Xo|��(2 mL)�̓ʘɔ(2 mL)6ɳ̦"'+�) >tv
�]i(v��Wy��i�T�)��hV�(0) (18.4 mg, 0.0159 mmol)Pċ��80 ˚C2 24ȓΎċʁ
ǶǤP̘.+�ĢǇɳɧPűɮB2Ǽô#+8-�_�����Pċ��ȠɄʧP̓ʘɔ2ɢɥ#

+�ȠɄʧPɽɔʳͼ�`{gV�6IK°ʂ"'+�[��_��v`��T�(g�[b��_
�����)�I=b�[��_��v`��T�(Bio-Beads SX-1, h_���o�)6IL˚̝P
̘��ēīʅ 9Pˡ̉8ŁÎ3#1ƿ+(103 mg, ģʊ: 52 %)�Ĭů9�NMRɯů�MALDI-TOF-
MS�J̘.+� 
 
1H NMR (CDCl3, 298 K) δ  0.83-0.89 (18H, m, CH3-), 1.22-1.33 (96H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 
1.43-1.47 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 1.71-1.85 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 3.81-
3.84 (4H, m, -NH-CH2-CH2-O-), 3.98-4.03 (12H, m, CH3-(CH2)8-CH2-CH2-CH2-O-), 4.09 (6H, s, CH3-O-), 
4.33 (4H, m, -NH-CH2-CH2-O-), 6.55 (2H, t, -NH-CH2-CH2-O-), 6.88 (4H, s, C6H2), 7.25-7.28 (8H, m, C6H4), 
8.11 (4H, d, C6H4), 8.12 (4H, d, C6H4), 8.93 (4H, d, β-pyrrole), 8.96 (4H, d, β-pyrrole).; 13C NMR (CDCl3, 
298 K), δ 14.10, 22.66, 22.69, 26.10, 29.34, 29.39, 29.41, 29.63, 29.68, 29.76, 30.33, 31.89, 31.94, 39.62, 
55.53, 67.05, 69.43, 73.51, 105.75, 112.02, 112.54, 120.37, 120.75, 129.09, 131.73, 131.92, 135.25, 135.38, 
135.50, 135.91, 141.33, 150.36, 150.48, 153.07, 158.09, 159.19, 167.56.; MALDI-TOF mass (dithranol): calcd. 
for C136H194N6O12Zn: 2168.41; found: 2168.83. 
 

 
5 ĄüăüĀý÷čĎčĮĂ�ŗŃňŢ�@ Ĉ Řøģù

ĀĒ÷Ęėě÷øĤùĀĂč÷Ęėě ŻƕųƅƠ÷

a

ppm
02 135 468 710 9

b

ppm
020 103050 406080 70100 90120 110130150 140160180 170
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ĄüăüĀüąýÔï��HŗşŢƇƊƐŧŪƌƥŘ©øĈĘĐĴħħĦùÍk÷

� x|�RU~�8˄�9NFseed	9�9NF 8�q�g_��]e�ɳɧ(3 mL, 12.5 µM)6ź#1 10 
˚C 2 3 ȓΎ͍ΨɠʀŽP̘� 32̺Ȃ#+�9NFseed8Ðǖ69ɹƥ�;̠2�.+�9NF 8�
q�g_��]e�ɳɧ(3 mL, 25 µM)8Ŏī�Ĭȿ8ȬÄ29�1ȓΎ˧ͬƽ6x|�RU~��
əɏ3#1ȱø#+�9NF9űɮÀ′2ΥƜ6θ�ʁĉŧʠŪůǋPȠ#1�K�Í�ɹƥ6��
1F�|��>8̦Ο9@3Q4̡JM5�.+(̛ 5-2-3)�#+�.1�Íɹƥ8 9NF ɳɧ6ź
#1΋ȓΎ2͍ΨɠʀŽP̘� 32�΋"�ʮ��/ɑ͕ʠ΋"ùƘ8ſ"� 6NFseed PÐǖ%

L 3�2�+(ŀ 5-2-14�̛ 5-2-4)� 
�

�

Ąüăüāý.©�D÷

� NMR ɯů69 JEOL ECS-400(400 MHz)PÒʔ#+�MALDI-TOF-MS i�_v�ɯů69
SHIMAZU AXIMA-CFR Plus stationPÒʔ#+�ˡŖħ̣İģi�_v�ɯů69 JASCO V-6306
JASCO ETCL-761 ɮƥħŕɯůʔk���p�PĤKÀ�1Òʔ#+�̖êi�_v�ɯů69
JASCO FP-85006 JASCO ETC-815ɮƥħŕɯůʔk���p�PĤKÀ�1Òʔ#+�AFM̤Ÿ
69 Bruker model MaltiMode 8(Scan Assist mode)PÒʔ#+� 
 
 
ĄüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

� ɮƥħŕİģi�_v�ɯů69�i_���]�r�À�ʯ̋k�(0.1F#�9 1.0 cm)PF-
�+�ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-16Łů#+� 
 
 
Ąüăüāüāýoé�A0+ŻƕųƅƠ�D÷

� İģi�_v�ŕē8ȓΎÔťǋ9�i_���]�r�À�ʯ̋k�(1.0 cm)6�U_�ǶǤ
ţPëM�400 r.p.m.8ǶǤͥƥ2ǶǤP̘�5�Jɯů#+� 
 
�

ĄüăüāüĂý�R,:Á�ŻƕųƅƠ�D÷

� ɮƥħŕ̖êi�_v�ɯů69�i_���]�r�À�ì͡Ȑʯ̋k�(1.0 cm)PF-�+�
ôě�I=ċʁͥƥ9�ʆ6ȅK�5�ΒK 1 ˚C min-16Łů#+� 
 
 
 
� �
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­ƫ¬÷ �%ōŢÔ�@ë/	ƭŬƉƠŲƥƞƣƆŻŵƥƒŗ7ŒŇô�{ÜŘ�Z÷

÷

ąüĀýQÎ÷

� ̞ȁ8ƞ̚�ȓΎ͔¡2¹΅%L˛29�ʁĉŧʠƞ̚ʇǓ69̡JM5�̅Ĳɨ�ʋ́�ȁŗ

�̤ɯ"ML 1-5�)8¨8�/6ùƊʋ́���JML 6�ùƊʋ́39��/8ʇǓ�J̞ȁ8

ʚ5LʇǓ>ŕē%Lʋ́2�L�ùƊʋ́9�ʒĴùţgit�6��1�̈ʠ6̡JMLʋ́

2�K�ʒĴʋ́6ʆǃʠ5ͱʔǋGŗȿǋ8ɱ3˺�JM1�L�ȓΎʞƆʠ5ùƊʋ́P͍ù

ţΝīÎ8ƴǖͬ˃6òʋ%L 3�2�M:�BL2Ơˣ˽�ȿ�5ˣ˽>ùē%LI�6�̞

Ξ�/̂Ƽʠ6Ʉ˾%L¼Ƒ͍ùţgit�8ć̝6˳�L 3�Ȥƻ"ML� 
� ēŧ˻�ʒĴ�Jȁŗ�8ʪǐPĥ�1�+ 3P˺�L3�′Ɵ�͍ùţēŧ6��1ͥƥ̻

ʠǨď�ɡʥ"ML 39̂ɿ8ɤM2�L 7-30�ăˊB2͝?1�+I�6�ͥƥ̻ʠ6ƴǖ"

ML͍ùţΝīÎ69�ʁĉŧǹ͹¢29̡JM5�̅Ĳɨ�ʋ́�ȁŗ�̡JML�#�#5�

J�ùƊʠ5ȓΎʞƆʋ́�̤ɯ"ML¼Ƒ͍ùţgit�9@3Q4ōı"M1�5��Â¢6�

ȓΎ8ɤM8¨2̞ȁ8͍ùţΝīÎ�ƴǖ"ML¼Ƒ͍ùţgit�6/�1ˤ¾%L� 
 

 
 

5 ąüĀüĀý÷ �y¢Ŗ��ŗ\Ōœ¿N³»%c$Ř:%ōŢ�KÔ�@ŹŻƃƚ āĀûāā÷

÷

� Otto J9�qZ��8ͼēĢǇ6É�ʐʇēīʅƴǖ8ƞ̚(ďʠc��xv�S��U���)
3��qwΈΎ8β-g�vȾͦƴǖ8ƞ̚P˦CīO'L 32�̂ƕ̞̝%L¼Ƒ͍ùţgit
�PȾ˔#+(ŀ 6-1-1)21,22� 8͍ùţgit�29�ͼēĢǇ΍šüȤ6��1� ΀ÎGĻ΀

Î3�.+ɑ͕ʠſ"5ʐʇēīʅ8ƴǖ�̡JML�#�#5�J�ȁȋΎ8̵žȤ88-�I

Kř�5ʐʇēīʅ�ƴǖ"ML3���qwΈΎ8β-g�vȾͦƴǖ�΍š"ML� 83��
x|�RU~�8ƴǖPÉ�5�J)8ř�"8ʐʇēīʅ�̂ƕ̞̝"ML�ΥƜ6̅Ĳɨ� 

36�ǶǤ3ǩ3�3���̡%L3ã�6Fǉ�LɄȷʠĀɸ8ͮ���ƴǖ"MLʐʇēīʅ

8eUjPɘů%L 3�ʸ"M+�%5O-�ǶǤȬÄ29�΀Î�J5Lx|�RU~��ƴ

ǖ"M�ǩ3�ȬÄ29í΀Î�J5Lx|�RU~��ƴǖ"ML 3�ȐJ�3"M+ 21� 
� Mauro, De ColaJ9�ʟ΁(0)΅Î8̂ƕΝīͬ˃6̅Ĳɨ�ͥƥ̻ʠǨďPʞ̡#�îɾɼ��
f�ίǂΉ6IL�S�oU�̤ɯ6ǖĊ#+ 30�ŀ 6-1-26ʸ%ʟ΁(0)΅Î9�ɔɳɧ¨2͋̉
8ʞêPʸ%x|˗ţʇ8ΝīÎPͥƥ̻ʠ6ƴǖ%L�ȁù8̵žȤ88-�˭̉ʞêPʸ%Ν

īÎ8ƴǖ�̤ɯ"M+�Ȟ˥ʠ6�Σ̉8ʞêPʸ%ʁĉŧʠ6Ūů5ΝīÎ>3ƴǓ͓ˁ%L

̞Ξ5ȓΎʞƆʋ́�̤ɯ"M+�"J6�Mauro, De ColaJ9�ʁĉŧʠ6Ūů5Σ̉ʞêPʸ
%ΝīÎP˄3#1F-�L 32�ΝīÎƴǖ8ÿ˚6FǖĊ#1�L� 
 
 

Otto et al.

R

SH

SH

R = Gly–Leu–Lys–Leu–Lys–OH
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5 ąüĀüāý÷ ¡ãøÿùä	Ř¿Në/	V`ŘƟŨƠƀŪƚÆF Ăÿ÷

÷

 
 

5 ąüĀüĂý÷ �@ Āüć Ř�@{Ü÷

÷

�  MJ8I�6�͍ùţΝīÎƴǖ6̞ȁ8ƞ̚�Ώ¤%Lgit�29�̅Ĳɨ�ȓΎʞƆʋ

́�̤ɯ"ML�  2�ƥ�ˍμˊ8˨ȴPǩK͜K+��ˍμˊ29�S�]�Έ8΋"8ã

�5ͮ�6I.1�ȓΎʞƆʋ́8˧͑�΄ǽ6úKȝOL 3PȐJ�6#+�#�#5�J�

ŀ 6-1-38ùţ 53 68Ⱦͦʠ5ΰËǋP˺�L3�ùţ 68ʨ8X{�^���wia��69�

De Cola et al.

N
N N

NN
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Pathway A�Λ"M1�L8295��3Ǯɯ2�L(ŀ 6-1-3�6-1-4)�%5O-�ɲŪůʇǓ8x
|˗ţ (6NP)9�Pathway B8ȇĮ>ƴǓ͓ˁ%M:x|g�v (6NS)�Pathway A8ȇĮ>ȓΎʞ
Ɔ%M:x|�RU~� (6NF)6�ùē�%L˾ĉPʾE+͍ùţΝīÎ2�L3Ȥƻ"ML� 
� Ȩˊ29�ɲŪů5κ˄ΰ8͍ùţΝīÎ�J̞ȁ8ʚ5L͍ùţΝīÎ>ȓΎʞƆʠ6ùē%

L͍ùţgit�8Ⱦ˔3)8ͥƥ̻ʠÿ˚P̱C+(ŀ 6-1-5)� 
 

 
 

5 ąüĀüăý÷ ­ƨ¬ŗŃŁœnŠńŕŊţŏŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

÷

 
5 ąüĀüĄý÷ t¬Řz]5÷

  

4:

5:

6:

7:
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ąüāýµxŕ½F÷

 
ąüāüĀýÔ�@ë/	Ř�%�Ð÷

� ùêŧʠǜɟ�I= AFM PF-�1�ùţ 68�q�g_��]e�ɳɧ¨6��L̂ƕΝī
Ǩď6/�1òƥȹ̪P̘� 33#+�) 2�ˍμˊ6��19ȐJ�3"M1�5�.+ȓ

ΎʞƆʋ́6��LǶǤͥƥ8Ôťǋ6/�1ȹ̪#+� 
 
6-2-1-1� ȓΎʞƆʋ́8ǶǤͥƥÔťǋ 
� ùêŧʠǜɟPF-�1�ùţ 5, 68x|˗ţ�ʸ%ȓΎʞƆʋ́P̰Õ#+� 

 

5 ąüāüĀý÷ øģùĄĘĚ ńŠ ĄĘĐ śŘV_×§Ř}S5÷ øĤùĄĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ ġĄĢċĄÿ÷

µėĿ�Rĉ÷ Ăÿć÷ ĕĿgbÛRĉ÷ ăÿÿ÷ ĳýĲýįýù÷ øĥùĄĘĚ Řoé J�ÐŗŃňŢÌIrŘgbÛR�A^÷ øĦù÷ ąĘĚ ńŠ

ąĘĜ śŘV_×§Ř}S5÷ øħùąĘĚ Řoé J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿgb

ÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĨùąĘĚ Řoé J�ÐŗŃňŢÌIrŘgbÛR�A^÷

 
� ̅Ĳɨ� 36�ùţ 53 68x|˗ţ�ʸ%ȓΎʞƆʋ́8̵žȤ9�ǶǤͥƥ6ƷΩ"ML
 3�ȐJ�35.+�ùţ 5 8Ŏī�5NP �J 5NF >8ȓΎʞƆʋ́6��1�ǶǤͥƥ8Œ
ċ9x|�RU~�>8ƴǓ͓ˁPċͥ"'L 3�ȐJ�35.+(ŀ 6-2-1a, b, c)� M9�ù
ţ 16/�1F̤ɯ"M+ʋ́2�K�ǶǤͥƥ8Œċ�x|�RU~�8ȵƴǖͬ˃P×ͨ#1
�L8,3˺�JML 10��ȇ�ùţ 62Ĭȿ8ŰζP̘.+3 N�ùţ 56̡JM+ǶǤͥƥ
Ôťǋ39͠8âĮ�̤ɯ"M+�%5O-�ùţ 66̤ɯ"M+ 6NP�J 6NS>8ȓΎʞƆʋ
́6��1�ǶǤͥƥ8Œċ9x|g�v>8ƴǓ͓ˁPɬͥ"'L 3�ȐJ�35.+(ŀ 6-
2-1d, e, f)�x|g�v8ƴǖ9�x|˗ţ�x|g�v8ȵPƴǖ%L 32̘ͨ%L��)J��
ɸ#�ǶǤ9x|˗ţPùǿ"'�˨ ȴ3#1ř�5͍ùţΝīÎ2�Lx|g�v8ƴǖPΐŲ

#1�L8,3˺�JML�Â¡8˨ȴPB3EL3�ǶǤͥƥ8Œċ6I.1�Pathway AP˧
ʖ%Lx|�RU~�ƴǖ8̵žȤ9ʮ˲"ML��Pathway B P˧ʖ%Lx|g�vƴǖ8̵ž
Ȥ9ƫ΋"ML 3�ȐJ�35.+� 
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� 5NP �I= 6NP 8ȓΎʞƆʋ́6̡JM+ǶǤͥƥÔťǋ�J�ΥƜ6̅Ĳɨ�Ã̷�ž�M
L�ùţ 68ʨ8X{�^���wia���ŀ 6-2-28I�6̛"ML3Ãů%L�ǶǤͥƥ8
Œċ9 Pathway AP˧ʖ%LȓΎʞƆʋ́Pċͥ"'�Pathway BP˧ʖ%LȓΎʞƆʋ́Pɬͥ
"'L�#+�.1�ǶǤͥƥP"J6Œċ"'L 32 Pathway A3 Pathway B8ͳǠPúKȝ
�L 3�ħ˾2�L3²ǐ"ML� 8Ã̷�ɉ#�3%M:�ùţ 6 �J5Lx|˗ţ(6NP)
9�x|g�v(6NS)3x|�RU~�(6NF)84-J>FȓΎʞƆʠ6ƴǓ͓ˁħ˾5�ùē�%
L˾ĉPʾE+͍ùţΝīÎ2�L3̨�L� 

 
5 ąüāüāý÷ ŬƉƠŲƥƞƣƆŻŵƥƒ÷

øĂÿć÷ĕû÷ ºØĉ¿�ŬƉƠŲƥû÷~Øĉ�@jù÷

 
+�
�	�
�GH'JbGmeiB,]`�

� ùţ 53ùţ 68x|˗ţ6̤ɯ"M+ȓΎʞƆʋ́8ǶǤͥƥÔťǋ�J�̅ Ĳɨ�Ã̷�ž

�M+�) 2�6NP8�q�g_��]e�ɳɧ6ź#1�ΥƜ6ɸ#�ǶǤ3#1Ðʔ%L͍
ΨɠʀŽP̘.+�͍ΨɠʀŽ9 308 K8ǌɮɀ¨2̘��ùêŧʠǜɟ�I= AFMPF-�1
6NP8ȓΎʞƆʋ́P͞…#+� 
 

 
5 ąüāüĂý÷ øģùoé J�ÐŘ}S5÷ øĤùąĘĐ Ř ČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷ øĥùąĘĚ Řoé

 J�ÐŗŃňŢ0+ŻƕųƅƠ:%÷ ø÷ġąĢċĄÿ÷µėĿ�Rĉ÷Ăÿć÷ĕĿÔï�� ĉ÷Ā÷Ğù÷øĦùoéØŗGōŢ0�R:%

øλ÷ċ÷ĄĄĄ÷İįù÷øħùÌIrŘÔï�� �A^÷
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� 6NP8�q�g_��]e�ɳɧ6ź#1�͍ΨɠʀŽP̘.+�͍ΨɠʀŽă�6NP8 J-Çī
Î6ʆǃʠ5İģi�_v�Pʸ#1�+��͍ ΨɠʀŽ6É��H(ÇīÎ6ʆǃʠ5İģi�_
v�>ŕē#+(ŀ 6-2-3)� 8ȓ�555 nm 8İêƥŕēPȓΎ͔6ź#1��rv%L3�H-Ç
īÎ>8ƴǓ͓ˁ9̵žȤ88-6̂ƕ̧Ţʠ6̘ͨ%L 3�ȐJ�35.+(ŀ 6-2-3d)�͍Ψ
ɠʀŽ6IKƿJM+ùţ 6 8 H-ÇīÎ8İģi�_v�3͋Ŗİģi�_v�ɯů˨ȴ9�ù
ţ 58˨ȴ3@AĬ$2�.+(ŀ 6-2-4�ŀ 6-2-5)�͍ ΨɠʀŽ6I.1ƿJM+ H-ÇīÎP HOPG
ŌȰ6i��c�v#�AFM̤ŸP̘.+3 N�θ"˝ 2.2 nm8x|�RU~�(6NF)�̤ɯ"
M+(ŀ 6-2-3b)� 8ȓ�x|g�v8ƴǖ9ì�̤ɯ"M5�.+�̅Ĳɨ� 36�ʀŽ%L
͍Ψɠ8øĉ�ř��@4�6NF>8ȓΎʞƆʋ́6��L̵žȤ9ʮ�5L 3�ȐJ�35.
+(ŀ 6-2-3d, e)� M9�x|�RU~�ƴǖ8ǶǤͥƥÔťǋ2̡JM+âĮ3Ĭȿ2�K�Ã
̷�ɉ#� 3Pʸ#1�L�Â¡8˨ȴ�J�6NP8�q�g_��]e�ɳɧ6ź#1�͍Ψ
ɠʀŽP̘� 36I.1 H-ÇīÎ8x|�RU~�>̂ƕ̧Ţʠ6ƴǓ͓ˁ%L 3�ȐJ�
35.+�B+�ùţ 76Ώ#1F�Ĭȿ8ȬÄ29 H-ÇīÎ8x|�RU~�(7NF)>ƴǓ͓ˁ
%L 3�ȐJ�35.+� 
� Â¡�J�ùţ 6�J5Lx|˗ţ(6NP)9�ǶǤP¤�L 32 2ɇç8x|g�v(6NS)�͍
ΨɠʀŽP̘� 32 1 ɇç8x|�RU~�(6NF)>ȓΎʞƆʠ6�ùē�%L 3�ȐJ�3
5.+�"J6�6NS3 6NF94-JF̂ƕ̧Ţʠ6ƴǖ%L 3�ʸ"M+� 

 
5 ąüāüăý÷ 0+ŻƕųƅƠ÷ øģù�@ Ą÷øĤù�@ ą÷

 

 
5 ąüāüĄý÷ Ò;0+ŻƕųƅƠ÷ øģû÷Ĥù�@ Ą÷øĥûĦù�@ ą÷ø÷ġĄĢ÷ċ÷ġąĢ÷ċ÷ăýĄ÷įėùý÷

ε (
10

5  L
 m

ol
–1

 c
m

–1
)

0

3.0

5.0

4.0

1.0

2.0

350 650450 550

× 10

5Mono

5NP

5NF

Wavelength (nm)

a

ε (
10

5  L
 m

ol
–1

 c
m

–1
)

0

3.0

5.0

4.0

1.0

2.0

350 650450 550

× 10

6Mono

6NP

6NF

Wavelength (nm)

b

%
T

 (a
rb

. u
ni

t)

Wavenumber (cm-1)
32003500 33003400

%
T

 (a
rb

. u
ni

t)

Wavenumber (cm-1)
1700 16001650 1550

5NF

5NF

5NP

5NP

a b

%
T

 (a
rb

. u
ni

t)

Wavenumber (cm-1)
32003500 33003400

%
T

 (a
rb

. u
ni

t)

Wavenumber (cm-1)
1700 16001650 1550

6NF
6NF

6NP

6NP

6NS

6NS

c d



 130 

ąüāüĀüĂýƇƊƐŧŪƌƥŘ� B¢CD^ŘË�÷

� ɮƥħŕİģi�_v�ɯůɟPF-�1�ùţ 6, 78x|�RU~�ƴǖͬ˃Pʁĉŧʠ6̰
Õ#+��q�g_��]e�ɳɧ¨�ċʁ6É�x|�RU~�8̦Οͬ˃P͞…#+� 
 

 
 

5 ąüāüąý÷øģû÷Ĥù÷ąĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġąĢċăÿ÷µėù÷øĥù÷ąĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦù÷Ķģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷

 
� ŀ 6-2-6a, b6�6NF8ɮƥħŕİģi�_v�ɯů8˨ȴPʸ%�300 K6��1�H-ÇīÎ6
ʆǃʠ5İģi�_v��̤ɯ"M+��ɳɧ8ċʁ6É���|��3 J-ÇīÎ6ʆǃʠ5İģ
i�_v�>ŕē#+(ŀ 6-2-6a, b)�ɇ6�400 nm8İêƥŕēPɮƥ6ź#1��rv#+˨ȴ�
́ʗɮƥ(Te)PÉ�Υg`�Uwņ8ŕē�̡JM+(ŀ 6-2-6c)� M9�ȵƴǖ-Ê΋8 2 /8ͬ
˃�J5L cooperative�u�6ʆǃʠ5ŕē2�L 31-33�) 2�̱ 3ˊ8 5NF8ʁĉŧʠ̦ȱ3
Ĭȿ6�6NFƴǖ8ʁĉŧʠ̦ȱP̘.+� 
 

 
+'()( =? =

2+/-. =? + 1 − [4+/-. =? +1]
4/6

2+/[-. =? ]
6

 (4) 

 
−ln +'()( =? = ln -B  (5) 

 
ln -B =

−∆:∘

<=?
+
Δ>∘

<
 (6) 
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ɹƥPƬ(4)�J˒ø#+(ŀ 6-2-6c)�ɇ6�ƿJM+�|��ɹƥ�Jx|g�v8Ê΋ͬ˃8ƞ
̚ůȁ KEPƬ(5)�JɖE+(̛ 6-2-1)�Ȟƽ6�van’t Hoff8Ƭ(6)PF-�1�x|�RU~�ƴǖ
6��LɁɲX�o���ŕē(ΔH˚)�I=ɁɲX�v���ŕē(ΔS˚)�308 K6��L̂ʖX{�
^�ŕē(ΔG˚)P)M*MɖE+(ŀ 6-2-6d)�)8˨ȴ�6NFƴǖ6��Lʁĉŧʠ����o9)
M*M�ΔH˚= –127 kJ mol-1�ΔS˚= –304 J K-1mol-1�ΔG˚= –33.2 kJ mol-13ɖEJM+� 
� ùţ 78x|�RU~�(7NF)6/�1F�Ĭȿ8ǜά2�ʁĉŧ����oPɖE+(ŀ 6-2-7�
̛ 6-2-2)�̛ 6-2-36ùţ 6, 78x|�RU~�ƴǖ6��Lʁĉŧ����oPB3E+� 
 
 

Ã ąüāüĀý¾��RøĝħùŗŃňŢ�@ ą ŘƜƊƘƥ�Rŕ ąĘĐ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

323 23.0 ���
104 
321 17.9 ���
104 
319 12.9 	�

104 
315 7.04 ���
105 

 
 

 
5 ąüāüĆý÷ øģû÷ĤùĆĘĐ Ř"�Þ¨ŗŃňŢ�R,:0+ŻƕųƅƠ:%ø"�ÛRĉ÷Ā÷ĕ÷įīİüĀĿġĆĢċăÿ÷µėù÷øĥùĆĘĐ Ř

"�Þ¨ŗŃňŢ0�R:%øλ÷ċ÷ăÿÿ÷İįù÷øĦùĶģİļĵ÷ĒıĨĨ ƒƢƂƅøěā÷ċ÷ÿýĈĈĈù÷
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Ã ąüāüāý÷ ¾��RøĝħùŗŃňŢ�@ Ć ŘƜƊƘƥ�Rŕ ĆĘĐ V`ŘPÂDj ĕď÷

 
ɮƥ 
(K) 

�|��ɹƥ 
(µM) 

ƞ̚ůȁ KE 
(M(1) 

322 22.2 ���
104 
320 17.3 ��

104 
318 12.5 
��
104 
314 6.90 ���
105 

 
 

Ã ąüāüĂý÷ ƇƊƐŧŪƌƥV`ŗŃňŢ� Bƍƞƛƥƀ÷

÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

6NF (127 (304 (33.2 
7NF (124 (297 (32.8 

 
 
+�
�	�)�Gm + ,/7[M]=?5P2];�

� ʁĉŧ�u�PF-+�+̦ȱ6I.1�ùţ 6�J5L͍ùţΝīÎ 6NP�6NS�6NF8ʁĉ
ŧʠ����o�ì1ȐJ�35.+�"J6�˄�8ɯů�J�)M*M8͍ùţΝīÎƴǖ8

˧͑�ʴ�EJM+�Â¡�J�ùţ 68�q�g_��]e�ɳɧ¨6��Lʨ8X{�^��
�wia��9ŀ 6-2-23ǯ�L 3�ȐJ�35.+�Ī͍ùţΝīÎ8ʁĉŧʠŪůǋ9�6NP 
< 6NS ≤ 6NF (308 K)8ά6§?JML(̛ 6-2-4)� 8X{�^���wia��6Ō0��ɲŪů
ʇǓ6�L 6NP 9̞ȁ8͍ùţΝīÎ(6NS, 6NF)>ùƊʠ6ƴǓ͓ˁ%L�ΥƜ6̅Ĳɨ� 3
6�͍ ùţΝīÎ8ȓΎʞƆʋ́6��1�6NS3 6NF8ƴǖ�Ĭȓ6͌ L 395��ʃ�ȇ
8͍ùţΝīÎ8C�ƿJML� M9�)M*M8͍ùţΝīÎ8ƴǖ�̂ƕ̧Ţʠ6̘ͨ%L

+E2�L3˺�JML�%5O-��ƥ4-J�8ȵ�ƴǖ"ML3�6NSF#�9 6NFƴǖ8
˧͑8C�ͳǠ"ML 3�J�6NS3 6NF8ƴǖ�Ĭȓ6͌ L 395�� M9�ʁĉŧǹ
͹¢6��Lùţ8Νīͬ˃69̡JM5��͍ùţΝīÎ8ùēʋ́�3̨�L� 
 

Ã ąüāüăý÷ �@ ą ŘÔ�@ë/	V`ŗŃňŢ� Bƍƞƛƥƀ÷

÷

 ΔH° 
(kJ mol(1) 

ΔS° 
(J mol(1 K(1) 

ΔG° at 308 K 
(kJ mol(1) 

6NP (83 (178 (27.5 
6NS (131 (324 (31.4 
6NF (127 (304 (33.2 
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ąüāüāý©ŗşŢ�%�ÐŘÌIƭĀ ��ŃşŚ ā ��ƟƎƣŴÔ�@á/Řß`÷

� ùţ 6 8x|˗ţ(6NP)9�1 ɇçx|�RU~�(6NF)F#�9 2 ɇçx|g�v(6NS)>ȓΎ
ʞƆʠ6ùē%L 3�2�L�ΥƜ6̅Ĳɨ� 36�6NF 3 6NS 94-JF̂ƕ̧Ţʠ6ƴ
ǖ"ML� 8 3�J�͍ùţΝīÎ8ùēʋ́9�˄�Pɫċ%L 36I.1ÿ˚ħ˾2�

L3²ǐ2�L 10�%5O-�6NF F#�9 6NSPɲŪůʇǓ8 6NP >ɫċ%L 32�ɫċ#
+͍ùţΝīÎ>8ƴǓ͓ˁ�΍š"ML3˺�JML�˄8ɫċ6I.1�͍ùţΝīÎ8ƴǓ

͓ˁ8΍šȓΎ�ÿ˚"ML 3�J�1ɇçF#�9 2ɇç8���`͍ùţ;ī8ͭǖ�Ȥƻ
"'L�) 2�͍ùţΝīÎ8ùēʋ́P˄6I.1ͥƥ̻ʠ6ÿ˚%L 3P̱C+� 
 
÷

ąüāüāüĀýĀ ��ƇƊƐŧŪƌƥŘ©ŘÍk÷ ÷

� 6NF8˄(6NFseed)9�6NP>͍ΨɠʀŽP̘� 32Ðǖ#+�6NP8�q�g_��]e�ɳ
ɧ6ź#�288 K6��1 3ȓΎ͍ΨɠʀŽP̘� 32�ʮ�΋"�/ɑ͕ʠŗùǿƥ8ſ"5
6NFseedPƿL 36ǖĊ#+(ŀ 6-2-8)�ƿJM+ 6NFseed8΋"9 AFM̤Ÿ6I.1ʦǭɯů#�
ȁƞŅ΋"(Ln)�;΀ƞŅ΋"(Lw)�ŗùǿƥ(PDI=Lw/Ln)P˒ø%L 32̰Õ#+(̛ 6-2-5)10�5

��ȁƞŅ΋"(Ln)�;΀ƞŅ΋"(Lw)�ŗùǿƥ(PDI=Lw/Ln)9�uGP΋"8ŰɯÞ3#1ɇƬ6I
K˒ø#+� 
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FGuG

)
GH4

FG
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GH4

 

uI =
FGuG
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GH4

FGuG
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GH4

 

JKL = uI/u) 

 

 
 

 
5 ąüāüćý÷øģû÷ĤùąĘĐĴħħĦŘ ČĐė V��øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷āÿÿ÷İįù÷øĤùąĘĐĴħħĦŘçŊŘ²ÊRj5÷

 
Ã ąüāüĄý÷ąĘĐĴħħĦŘçŊ÷
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ąüāüāüāýĀ ��ƟƎƣŴÔ�@á/÷

� ùţ 68Ŏī�űɮÀ′6��L 6NF8ƞ̚ůȁ KE9 105 M-1IKř�5Þ2�L 3�J�̦

;īͥƥ k–9ɽ̣2�L@4ſ"�3Ãů2�L�%L3�˄;īͬ˃9ɇ8I�6̛% 3�2

�L 10,32� 

 v_`a` + vbcdeef
M
vbc   

 
  �J�˄;ī8;īüͥƥ v09�ĢǇɇȁP a3#1ɇ8Ƭ2̛% 3�2�L� 
 

 

gU = S[v_`a`][vbcdeef]
h 

gU ∝ −
Qj

QR
 

 

 
"J6�¦͚8źȁP3L 32�;īüͥƥ3ĢǇɇȁ8ΏÖƬ(9)Pž� 3�2�L� 
 

 

log	 gU = log	{S vopqp vbcdeef
r} 

log −
Qj

QR
∝ tlog vbcdeef + + 

(9) 

 
� ) 2�ɲŪůʇǓ8 6NP6ź#1�6NFseedPɫċ#+3�8İģi�_v�ŕēP͞…#+�

;īüͥƥ9�İģi�_v�8ȓΎŕē6Ώ#1�ˮƴ̦ȱP̘� 32˒ø#+� 
 

 
5 ąüāüĈý÷ øģùąĘĐĴħħĦ ťŞŐŁŏ ąĘĚ Ř�%ÌIŘ}S5÷ øĤûĥùąĘĐĴħħĦ Ř�"ŗ�ł ąĘĐ V`Řoé:%÷

øġąĘĐĴħħĦĢúġąĘĚĢċĄÿ÷µėù÷øĦùSøĈùŗ7ŒŇá/ÛRÇwø�ņĉĀýÿĆù�
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� ɲŪůʇǓ8 6NP6ź#1 6NFseedPɫċ#+3 N�İģi�_v�8ȓΎŕē�̤ɯ"M+

(ŀ 6-2-9b,c)�;ī΍šʦƽ8��İêÖȁ8ŕē6ź#1ˮƴ̦ȱP̘� 32���İêÖȁ8
ȓΎŕēP˒ø#+�ƿJM+��İêÖȁ8ȓΎŕē8źȁPɫċ#+ 9NPseed 8ɹƥ8źȁ6

��rv#�ˮƴ̦ȱP̘.+(ŀ 6-2-9d)�)8˨ȴ�ƿJM+ʦˮ8â��@A 1 2�L 3�
J�˄;ī6��LĢǇɇȁ9 12�L 3�ʸ"M+ 34�#+�.1�ɲŪůʇǓ8 6NP6ź#
1 6NFseed Pɫċ%L 32΍š"ML͍ùţ;ī9�ͧΈ;īʠ5ͬ˃2�L 3�ȐJ�35

.+� 
 

 
5 ąüāüĀÿý÷øģùąĘĚ Ř�"ŗ�ł ĄĄć÷İį Ř0�RŘ:%÷ øĤù.ŷŪųƠŗŃŁœÆ�Ŋţŏ&�oéŀŏšŘ ĄĄć÷

İį Ř0�R:%÷

 
� B+�˄ 6ILùē8ÿ˚9���`ʠ2�L 3�ȐJ�35.+�6NFseed6ź#1ĬÎ˅8

6NPPɫċ#+3 N�6NP9%�"B 6NF>ùē#+�ƿJM+ɳɧ3ĬÎ˅8 6NPPòƥċ
�+3 N�ùē�ò=΍š"M+(ŀ 6-2-10a)� 8ǸÐP 5ļ˵K͜#�)M*M8;īüͥƥ
Pİêƥ8ȓΎŕē(-dAbs./dt)3#1˒ø#+�)8˨ȴ�˒ø"M+;īüͥƥ9eU_�ɐ6
ėù8ř�"6ɬƀ#1�+(ŀ 6-2-10b)� 8˨ȴ9�5ļ8˵K͜#ɯů8Ύ2e���6įB
ML 6NF8Ȩȁ6ŕē�5� 3Pʸ#1�L�%5O-�ɲŪůʇǓ8 6NP6ź#1 6NFseedP

ɫċ%L 32΍š"ML͍ùţ;ī����`͍ùţ;ī2�L 3�ȐJ�35.+� 
 

 
5 ąüāüĀĀý÷ øģùĀ ��ƟƎƣŴÔ�@á/�XŘ ČĐė V��øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷ Āÿÿ÷ İįù÷ øĤùĀ ��ƟƎƣ

ŴÔ�@á/�XŘ ąĘĐ ŘçŊŘ²ÊRj5÷
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� ˄8ɫċ6ILùē8ÿ˚9 AFM̤Ÿ�JFʴ̳"M+�6NFseed3 6NPPɪī#�ƿJM+ɳ
ɧP HOPGŌȰ6i��c�v#�AFM̤ŸP̘.+�)8˨ȴ�˄3#1ċ�+ 6NFseedIKF

΋� 6NF�̤ɯ"M+(ŀ 6-2-11�̛ 6-2-6)�#+�.1�˄ Pɫċ%L 36IKɫċ#+˄8ȧ

ˋ�J 6NF8ƴǖ�̘ͨ%L 3�ʴ�EJM+� 
� Â¡8˨ȴ�J�ɲŪůʇǓ8 6NP6ź#1 6NFseedPɫċ%L 32 1ɇç8���`͍ùţ
;ī�ͭǖ"M�x|�RU~�8΋"8ÿ˚�ħ˾2�L 3�ȐJ�35.+� 
 
 
 
 
 
 

Ã ąüāüąý÷ ƇƊƐŧŪƌƥŘçŊ÷

 
982 

([6NP]+[ 6NFseed])/[6NFseed] 
"46+�(Ln) 

(nm) 
�846+�(Lw) 

(nm) 
'3�, 

(PDI) 
1 61 78 1.28 
4 207 259 1.25 

�
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ąüāüāüĂýā ��ƇƊŹƥƅŘ©ŘÍk÷

� 6NS 8˄(6NSseed)9�͍ΨɠʀŽP̘� 32Ðǖ#+�6NS 8�q�g_��]e�ɳɧ6ź
#�293 K6��1 4ùΎ͍ΨɠʀŽP̘� 32�ɇçǋPØ-//ˣ��ʱ�M+ 6NSseedPƿ

L 36ǖĊ#+(ŀ 6-2-12)�ƿJM+ 6NSseed8Φ˅9 AFM ̤Ÿ6I.1ʦǭɯů#�ȁƞŅΦ
˅(An)�;΀ƞŅΦ˅(Aw)�ŗùǿƥ(PDI=Aw/An)P˒ø%L 32̰Õ#+(̛ 6-2-7)35,36�5��ȁ

ƞŅΦ˅(An)�;΀ƞŅΦ˅(Aw)�ŗùǿƥ(PDI=Aw/An)9�EGPŰΙ6ɯů"M+x|g�v8Φ˅
3#1ɇƬ6IK˒ø#+� 
 

 

E) =
FGEG

)
GH4

FG
)
GH4

 

EI =
FGEG

6)
GH4

FGEG
)
GH4

 

JKL = EI/E) 

 

 
 

 
5 ąüāüĀāýøģüĦù÷ąĘĜĴħħĦŘ ČĐė V��÷ øįīĥģ 7vĿŻŵƥƠƌƥĉ÷Ąÿÿ÷İįù÷øħù÷ąĘĜĴħħĦŘ Ă ��V��÷ øĨùŘîª

Ř²ÊRj5÷

 
Ã ąüāüĆý÷ ƇƊŹƥƅŘîª÷

 
 "465%(An) 

(nm2) 
�8465%(Aw) 

(nm2) 
'3�, 

(PDI) 
6NSseed 10800 14000 1.30 
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ąüāüāüăýā ��Ô�@ë/	Ř©á/ÛRÇw÷

� 2ɇçx|g�v8˄;īͥƥ̦ȱP̘�+E6�ȁŧʠ5�u�P˦Cˉ1+�˄8ɫċ6É
�;īͬ˃9�x|g�v8ƞŅeUj3x|˗ţ8��ɹƥ8ȓΎŕē3#1̫͝%L 3�2

�L�͍ùţΝīÎ8ùēʋ́9�̞ȁ8̂ƕ˧͑�Ώ¤%L+EΥƜ6̞Ξ2�L��x|˗ţ

�x|g�vƴǖ8ʦǭʠ5ĝȄ35L 3�J�Â¢6̫%ɑ͕ʠę˞5�u�3#1̦ȱ%L

 3�ħ˾2�L� 
 
� x|˗ţ(6NP)6įBMLùţ 68��ɹƥ vbw 9� nanoparticle Px|˗ţ8��ɹƥ3%L
3ɇ8I�6̛% 3�2�L� 
 

 vbw = ZNP nanoparticle , (10) 

 
  2�ZNP 9 1 /8 6NP 6įBMLùţ 6 8ƞŅùţȁ2�L�Ĭȿ6�2 ɇçx|g�v6
įBMLùţ 6 8��ɹƥ vbz 9� nanosheet Px|g�v8��ɹƥ3%L3ɇ8I�6̛%
 3�2�L� 
 

 vbz = Z{| nanosheet , (11) 

 
  2�Z{| 9 1/8 6NS 6įBMLùţ 68ƞŅùţȁ2�L�#+�.1�˛¨6ťŃ%L
ùţ 68��ɹƥ9ɇ8I�6̛% 3�2�L� 
 

 v }~}h� = vbw + vbz = ZNP nanoparticle + Z{| nanosheet , (12) 

 
˛¨6ťŃ%Lùţ 6 8��ɹƥ9�Ɯ6�ů8Þ2�L�  2�˄3#1ċ�+ 6NSseed8�

�ɹƥ nanosheet 9ȓΎŕē'&�6NS 6įBMLùţ 6 8ƞŅùţȁZ{|8C�ȓΎŕē%L3

Ãů%L� 
� 2ɇç8x|g�v29�x|g�v8˰Pǖ΋ɣǋeUv3̡5% 3�2�L�#+�.1�
x|g�vκȳƳ+K8ǖ΋ɣǋeUv9�x|g�v8ǖ΋6É�Œċ%L�  2�ÅPx|

g�v8˰6��LȠĎ5ɇç3%L3�x|g�vκȳƳ+K8ǖ΋ɣǋeUv8ȁ9 MNS
f/26

ɑÓ%L�#+�.1�6NS>8ƴǓ͓ˁ6É� 6NP8ɬƀ6Ώ%LĢǇͥƥƬ9�Â¢8I�6
̛% 3�2�L� 
 

 
d

dR
nanoparticle = −SZ{|

É/6 nanoparticle nanosheet , 
(13) 

 
5��S9ͥƥůȁ2�L�  2�Ñ3ÖP)M*M 6NP 3 6NS 6įBMLùţ 6 8��ùʊ3
%L3�Ñ3Ö9ɇƬ2̫͝"ML� 
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Ñ =
vbw

v }~}h�

=
ZNP nanoparticle

v }~}h�

, 

Ö =
vbz

v }~}h�

=
Z{| nanosheet

v }~}h�

= 1 − Ñ, 

(14) 

 
é͝#+I�6� nanosheet 9ůȁ2�L3Ãů#1�L�J�6NS8��ɹƥ9 6NSseed8��ɹ

ƥ3#1ɇ8I�6̫͝2�L� 
 

 
nanosheet = nanosheet U =

ÖU v }~}h�

Z{|U

, 
(15) 

 
  2�¢À�ȁŤ8 09˄8ɫċ#+ȓΎ(t = 0)PǑĲ#1�L� 
Ƭ 12–15�J�ɇ8Ƭ(16)�ƿJML� 
 

 
d

dR
Ñ = −SZ{|U

É/6]4
v }~}h�ÖU

4]É/6
1 − Ñ É/6Ñ. (16) 

 
˛¨8ùţ 68��ɹƥ[6]total3 6NSseed6įBML���T��ùţ 68ƞŅùţȁ MNS09ůȁ2

�L�J�ɑÓůȁPS	 = SZ{|U
É/6]4

v }~}h�3ů˹%L 32�Ƭ(16)9Ƭ(17)6Ȝ�Ǳ�JML� 

 

 
d

dR
Ñ = −S	ÖU

4]É/6
1 − Ñ É/6Ñ	, (17) 

 
  2�Ƭ(17)PÂ¢8Ƭ(18)8I�6ŕƴ%L� 
 

 1

ÑÖU

dÑ

dR
= −S	

1 − Ñ

ÖU

É/6

	. (18) 

 

 8Ƭ9�
4]á

àâ
6ź%L

4

áàâ

äá

äT
8¦źȁ��rv9�â��Å/28ʦˮ2�L 3PǑĲ%L�#+

�.1�6NP > 6NSseedPɫċƽ�6NP 6įBMLùţ 6 8��ùʊ8ȓΎŕēP͞…%
L 32�˄;ī8ͥƥ̻ʠ̦ȱ�ħ˾2�L� 
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5 ąüāüĀĂý÷ øģùąĘĜĴħħĦ ťŞŐŁŏ ąĘĚ Ř�%ÌIŘ}S5÷ øĤûĥùąĘĜĴħħĦ Ř�"ŗ�ł ąĘĜ V`Řoé:%÷

øġąĘĜĴħħĦĢúġąĘĚĢċĄÿ÷µėĿāĈć÷ĕĿgbÛRĉ÷ăÿÿ÷ĳýĲýįýù÷øĦùSøĀćùťŞŐŁŏ©á/ŗŃňŢá/ÛRÇw 

 
� ɲŪůʇǓ8 6NP 6ź#1�6NSseedPɫċ#+3�8İģi�_v�ŕēP͞…#+�6NP 6
ź#1 6NSseedPɫċ#+3 N�6NS>8ùē6ʖȭ%Lİģi�_v�ŕē�̤ɯ"M+(ŀ 6-
2-13b)�550 nm8İêƥŕē�J�6NS6įBMLùţ 68��ùʊ(y)P˒ø#�ȓΎ͔6ź#1
��rv#+(ŀ 6-2-13c)�)8˨ȴ�6NF >8ƴǓ͓ˁ6̡JM+I�5ʦˮʠ5ŕē295��
g`�Uwņ8ŕē�̤ɯ"M+� M9�6NS8˄;ī8̘ͨ6É��;īɣǋeUv�Œċ#
1�L 36ʖȭ%L�6NP6įBMLùţ 68��ùʊ(x)� 0.3~0.68˓Ŀ6��1ˮƴ̦ȱP
̘� 32�ùţ 68��ùʊ(x)8ǂſȓΎÌ��LŕēP˒ø#+(̛ 6-2-8)�ƿJM+Þ�JƬ
(18)6Ō0�ŀ 6-2-13d8¦źȁ��rvPÐǖ#+�)8˨ȴ�˄;ī8̡��8ͥƥůȁ k’ (�
I= k)��6NSseed3 6NP 8ɪīɑGùē8̘ͨƥ66ÔJ&�Ɯ6�ů2�L 3�ȐJ�35
.+(ŀ 6-2-13d)� M9�ɫċ#+ 6NSseed�ùē8΍šą3#1Ʉ˾#1�L 33�6NS 8;
īͬ˃2˛¨6ťŃ%Lx|g�v8ȁ�ŕOJ5� 3Pʸ#1�L� 
� Â¡8˨ȴ�J�ɲŪůʇǓ8 6NP6ź#1 6NSseedPɫċ%L 32 2ɇç8���`͍ùţ
;ī�ħ˾2�L 3�ȐJ�35.+� 
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Ã ąüāüćý÷ ā ��ƇƊŹƥƅť©ŕŋœŞŐŁŏÔ�@á/Řá/ÛRÇw÷

 
vbw [[vbzdeef]

[vbzdeef]
  ÖU  Ñ  −

ãá

ãT
×10é  log(−

4

áàâ

ãá

ãT
)  log(

4]á

àâ
)  

4 0.25 

    
0.3 5.51 (2.13 0.447 

0.35 5.95 (2.17 0.415 
0.4 6.63 (2.18 0.380 

0.45 7.07 (2.20 0.342 
0.5 7.17 (2.24 0.301 

0.55 7.20 (2.28 0.255 
0.6 6.68 (2.35 0.204 

      

8 0.125 

0.3 4.31 (1.94 0.748 
0.35 4.94 (1.95 0.716 
0.4 5.12 (1.99 0.681 

0.45 5.51 (2.01 0.643 
0.5 5.69 (2.04 0.602 

0.55 5.85 (2.07 0.556 
0.6 5.62 (2.13 0.505 

      

16 0.0625 

0.3 3.80 (1.69 1.05 
0.35 4.32 (1.70 1.02 
0.4 4.52 (1.74 0.982 

0.45 4.70 (1.78 0.944 
0.5 4.80 (1.81 0.903 

0.55 4.59 (1.87 0.857 
0.6 4.65 (1.91 0.806 
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ąüāüāüĄýā ��ƟƎƣŴÔ�@á/ŗşŢƇƊŹƥƅŘîªŘ�Z÷

� x|g�v8˄ 6NSseedPF-�+ùē8ÿ˚9�2ɇç8���`͍ùţ;ī2�L 3�ͥƥ
̻ʠ̦ȱ�JȐJ�35.+�ɇ6�ŀ 6-2-13c 6ʸ#+ 2 ɇç���`͍ùţ;ī6IKƿJM
+x|g�v8 AFM̤ŸP̘.+� 
 

 
5 ąüāüĀăý÷ øģüĦùČĐė V��øįīĥģ 7vĿŻŵƥƠƌƥĉ÷ Ąÿÿ÷ İįù÷ øġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċ÷ øģùĀ÷ øĤùă÷ øĥùć÷ øĦùĀą÷

øħùąĘĜ ŘîªŘ²ÊRj5÷ øġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċ÷øīùĀ÷øīīùă÷øīīīùć÷øīĶùĀą÷øĨùjP6îªøČİĉľùĿáâP6îª

øČķĉĽùĿ<�iRøĚĎēĉ÷×ùŘøġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢŗGōŢƒƢƂƅ÷

 
� ŀ 6-2-13c6ʸ#+ 2ɇç���`͍ùţ;ī8˨ȴƿJM+ 6NS8�q�g_��]e�ɳɧ
P mica ŌȰ6i��c�v#�AFM ̤ŸP̘.+�)8˨ȴ�2 ɇç���`͍ùţ;ī6I.
1ƿJM+x|g�v8ř�"9�6NSseedIKFȐJ�6ř�� 3�ʸ"M+(ŀ 6-2-14a-d)�B
+�6NS9΋͔3ʮ͔PF/ʚȇʠ5x|g�v2�L 3�ʸ"M+(ŀ 6-2-14 a-d�ŀ 6-2-15e)�
 M9�x|g�v����T��ĬŔ8π- πior]�`3S�wŌ8ɔˠ˨ī6ILΝī3S
�]�ΈΎ8 van der Waalsĉ6ILΝī6I.1ƴǖ"ML+E,3˺�JML(ŀ 3-2-17)�%5
O-�)MJ8ʧ¶Ðʔ8ř�"�x|g�v8ʚȇǋ6ƷΩPĠA#1�L3ʸĸ"ML� 
� AFM ̤Ÿ6I.1x|g�v 100 Ü8Φ˅P̩ɯ#�ˢ˅ƥȁŀPÐǖ#+(ŀ 6-2-14f)�Ü�
8˨ȴ6Ώ#19�ŀ 6-2-16~6-2-186̫͖#+�6NS8Φ˅9�6NSseed6ź%L 6NP8ɪīɑ�
ř��5L@4�Φ˅ùƘ�ř�5ÞPʸ%âĮ�ʸ"M+�ΥƜ6̅Ĳɨ� 36�ƿJM+ 6NS
8ȁƞŅΦ˅(An)3;΀ƞŅΦ˅(AW)9�6NSseed3 6NP8ɪīɑ6ź#1ʦˮǋPʸ#1�+� 
M9�6NSseed3 6NP 8ɪīɑPŕ�L 36I.1 2 ɇçx|g�v8Φ˅Pÿ˚ħ˾2�L 
3Pʸ#1�L(ŀ 6-2-14f�̛ 6-2-9)35�η�?� 36�6NS8Φ˅,�25��΋͔3ʮ͔8΋
"GSi�_vɑ(ʮ͔6ź%L΋͔8΋"8ɑ)B2�ÿ˚"M1�L 3�ȐJ�35.+(ŀ 6-
2-15�̛ 6-2-10�̛ 6-2-11)�΋͔�I=ʮ͔8΋"9�ɫċ#+ 6NSseed6ź%L˛¨6ťŃ%Lù

ţ 68ɹƥ8ɑ8 1/2­6ź#1ʦˮǋPʸ#+(ŀ 6-2-15b, d)�B+�6NS8ȁƞŅSi�_vɑ
9�%?18Ŏī2˝ 2.3 PØ.1�+�%5O-�2 ɇç���`͍ùţ;ī6I.1ʧËƴ8
x|g�v�ƴǖ"ML 3�ʸ"M+� 
� Â¡8˨ȴ�J�2ɇç���`͍ùţ;ī6I.1�ʧËƴ8x|g�v8Φ˅P˚ŵ6ÿ˚
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ħ˾2�L 3�ȐJ�35.+� 
 
 

Ã ąüāüĈý÷ā ��ƟƎƣŴÔ�@á/ŗşšYŠţŢƇƊŹƥƅŘîª÷

 
982 

([6NP]+[ 6NSseed])/[6NSseed] 
"465%(An) 

(nm2) 
�8465%(Aw) 

(nm2) 
'3�, 

(PDI) 
1 10800 14000 1.30 
4 42800 53400 1.25 
8 82200 95500 1.16 

16 166700 188500 1.13 
 
 

 
 

5 ąüāüĀĄý÷ā ��ƟƎƣŴÔ�@á/ŗşőœYŠţŏƇƊŹƥƅŘ÷ øģùçØŘçŊŗêōŢ²ÊRj5÷ øĤù�/�

Ř Āþā �ŗGōŢƇƊŹƥƅŘçØŘçŊ÷ øĥù¤ØŘçŊŗêōŢ²ÊRj5÷ øĤù�/�Ř Āþā �ŗGōŢƇƊŹ

ƥƅŘ¤ØŘçŊ÷ øħùƇƊŹƥƅŘ}S5÷ øĨùƇƊŹƥƅŘŨŻƕųƅ�÷
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Ã ąüāüĀÿý÷ā ��ƟƎƣŴÔ�@á/ŗşšYŠţŢƇƊŹƥƅŘçØŘçŊ÷

 
982 

([6NP]+[ 6NSseed])/[6NSseed] 
"46+�(Ln) 

(nm) 
�8465%(Lw) 

(nm) 
'3�, 

(PDI) 
4 296 319 1.07 
8 419 437 1.04 

16 624 642 1.03 
 

    
Ã ąüāüĀĀý÷ā ��ƟƎƣŴÔ�@á/ŗşšYŠţŢƇƊŹƥƅŘ¤ØŘçŊ÷

 
982 

([6NP]+[ 6NSseed])/[6NSseed] 
"46+�(Ln) 

(nm) 
�8465%(Lw) 

(nm) 
'3�, 

(PDI) 
4 138 151 1.10 
8 186 202 1.09 

16 277 293 1.06 
 
 

 
 
 

 
 

5 ąüāüĀąý÷ øģüĦùā ��ƟƎƣŴÔ�@á/ŗşőœYŠţŏ ąĘĜ Ř ČĐė V��÷ øøġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċăĿ

įīĥģ 7vĿŻŵƥƠƌƥĉ÷Ąÿÿ÷İįù÷øħùąĘĜ Ř Ă ��V��÷ øĨùąĘĜ ŘîªŘ²ÊRj5÷
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5 ąüāüĀĆý÷ øģüĦùā ��ƟƎƣŴÔ�@á/ŗşőœYŠţŏ ąĘĜ Ř ČĐė V��÷ øøġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċćĿ

įīĥģ 7vĿŻŵƥƠƌƥĉ÷Ąÿÿ÷İįù÷øħùąĘĜ Ř Ă ��V��÷ øĨùąĘĜ ŘîªŘ²ÊRj5÷

 
 
 
 

 
 

5 ąüāüĀćýøģüĦùā ��ƟƎƣŴÔ�@á/ŗşőœYŠţŏ ąĘĜ Ř ČĐė V��÷ øøġąĘĚĢúġąĘĜĴħħĦĢùþġąĘĜĴħħĦĢċĀąĿ

įīĥģ 7vĿŻŵƥƠƌƥĉ÷Ąÿÿ÷İįù÷øħùąĘĜ Ř Ă ��V��÷ øĨùąĘĜ ŘîªŘ²ÊRj5÷
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ąüāüāüąý©ťŞŐŁŏÔ�@ë/	Ř�%�ÐŘ�Z÷

� ɲŪůʇǓ8 6NP6ź#1 6NFF#�9 6NSPùē΍š8˄3#1ɫċ%L 32�+.+�
/8ùţ�J 1 ɇç3 2 ɇç8���`͍ùţ;ī6ǖĊ#+(ŀ 6-2-19)�ùţΝīÎ8˚ŵÿ˚
6Ώ%Lʰˇ9�Ian MannersJ8éδʠ5ʰˇP9$E�θùţʼŧ8έŉ2̒#�ʞƆPͪ�1
�L 35-38�#�#5�J�½ļͭǖ#+ùē%L͍ùţΝīÎPF-�+x|ȾͦÎ8˚ŵÿ˚9�

θùţʼŧ6��1Fͭǖ"M1�5�� MB26ăÓ85�ʰˇǖȴ2�L� 
 
 
 
 

 
 

5 ąüāüĀĈý÷øģù�@ ą ŘŬƉƠŲƥƞƣƆŻŵƥƒ÷ øĤù©�"ŗşŢÔ�@ë/	Ř�%�ZŘŶƣŽƒƅøŻŵƥƠ

ƌƥĉ÷Āÿÿ÷İįù÷

 
 
 
  

monomer (6 or 7)

Pathway B

n

time

metastable

G
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n

Pathway A

time

2D seeds 1D seeds

Addition of
6NSseed

Addition of
6NFseed
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6NFseed
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6NF
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1D seeded growth

2D seeded growth

a

b
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ąüāüĂý�©�@éŘ�%ÌIŗşŢƑƢƂųÔ�@ë/	Ř�Ä÷

� θùţʼŧ8έŉ29�2˄ΰÂ¡8�|��ùţP;ī%L 32�)MJP�|��ęÌ3
#1įDî;īÎPīǖ%L 3�2�L�î;īÎ29�)M*M8�|��Pęʈ2;ī%L

 32ƿJML����G)MJPɪ(īO'+ɪīʅ39ʚ5Lʅǋ�ʞʋ"ML�5�2F�

̞ȁ8�|����r_�����Έ8©ΈȇĮ6˨ī#+��r_î;īÎ9��_�ʧùΟȾ

ͦ8ƴǖ54�ΥƜ6̅Ĳɨ�ǋ͊PǦ/θùţ2�L� 
� ′Ɵ29�îȠ˨ī�J5Lθùţ8��r_î;īÎ,�25��ΥîȠ˨īǋ8ʧ¶Ðʔ6

IK̞ȁ8�k��Νī#+��r_c�k�FȾ˔ħ˾2�L 3�ȐJ�3"M1�+�5�

2F�Ian Manners J9�˨ȗē��kiPδďĉ3#+���`ʠ5�k�8̂ƕΝī(living 
crystallization-driven self-assembly)P¥ʗ2üE1ōı#1�L 39� 8ǜɟPF-�L 32��

�r_c�k�8θɇȾͦÎ8Ⱦ˔6ǖĊ#1�L(ŀ 6-2-20)35-39� 
� ��r_î;īÎF#�9îΝīÎ9�ΥƜ6̅Ĳɨ�ʰˇź́2�L��͍ùţΝīÎ�J5

L��r_ȾͦÎ8ōı9Ȧ,ΥƜ6ƀ5��)8©5ʍʖ9�ˍξˊ2͝?+I�6�͍ùţΝ

īÎ8ƴǖ�̵žȤPÉ� 35�̂ʞʠ6̘ͨ#1#B� 36ʖȭ%L�#�#5�J�Ȩˊ

6��1ͭǖ"M+ 1ɇç�I= 2ɇç���`͍ùţ;ī9�͍ ùţΝīÎƴǖ8ͥƥ̻ʠÿ˚

Pħ˾3%L�#+�.1�͍ùţΝīÎ8ùͿ2Ȧ,@3Q4ͭǖ"M1�5�͍ùţ��r_

îΝīÎ8ć̝3�.+ř�5œPǝʲ%Lħ˾ǋPʾE1�L� 
� ) 2�1ɇç�I= 2ɇç���`͍ùţ;īPF-��ʚ5Lùţ8˦CīO'6��L͍
ùţΝīÎ8ùē̵žP̱C+� M6IK�͍ùţ��r_îΝīÎ8ć̝6/�1ȹ̪#+� 
 
 

 
5 ąüāüāÿý÷ėģİİħĳĴ ŠŗşŢƑƢƂųƙŽƠŘ/` ĂĄûĂć÷

 
  

Manners et al.

Living crystalization-driven self-assembly in two dimensions

Living crystalization-driven self-assembly (Living CDSA)

B-A-B triblock co-micellecylindrical micelleBlock copolymer

Cross-linked

a

b
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ąüāüĂüĀýĀ ��Ô�@ƑƢƂųŶƗƟƘƥŘ�Ä÷

� ɲŪůʇǓ8 6NP6ź#1ùţ 58x|�RU~�(5NF)P˄3#1ɫċ#�ùēP̵ž%L 
3�ħ˾2�L�ùêŧʠǜɟ�I= AFMPF-�1̰Õ#+�5��˄3#1ɫċ#+ 5NFseed

9�5NP8�q�g_��]e�ɳɧ>8͍ΨɠʀŽP̘� 36IKÐǖ#+� 
 

 
5 ąüāüāĀý÷ øģùĄĘĐĴħħĦ �"ŗ�ł0+ŻƕųƅƠ:%øġĄĘĐĴħħĦĢúġąĘĚĢċĄÿ÷µėĿ÷ ġĄĘĐĴħħĦĢĉġąĘĚĢċĀĉĄĿāĈć÷ ĕĿgbÛ

Rĉ÷ăÿÿ÷ĳýĲýįýù÷øĤùĄĘĐĴħħĦ�"ŗ�ł0�RŘoé:%øλ÷ċ÷ĄĄć÷İįù÷øĥüĦùČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷

ăÿÿ÷İįù÷øĥùĄĘĐĴħħĦ÷øĦùąĘĐüĄĘĐüąĘĐ÷øħùçŊŗêōŢ²ÊRj5÷ øöĉ÷ĄĘĐĴħħĦĿŬƣźĉ÷ąĘĐüĄĘĐüąĘĐù�

 
� ɲŪůʇǓ8 6NP6ź#1 5NFseedPɫċ%L3�H-ÇīÎ6ʆǃʠ5İģi�_v�>ŕē#
+(ŀ 6-2-21b)�558 nm8İêƥPȓΎ͔6ź#1��rv#+3 N� 5NFseed8ɫċ3Ĭȓ6 H-
ÇīÎ>8ƴǓ͓ˁ�̘ͨ#1�L 3�ʸ"M+(ŀ 6-2-21c)� 8 3�J�6NP �J 6NF >
8ùē9�5NFseed8ɫċ6I.1Fÿ˚ħ˾2�L 3�ʸ"M+�AFM̤Ÿ�J�5NFseed8ɫ

ċ6IL 6NF >8ùē9�x|�RU~�8΋"8Ê΋PÉ� 3�ȐJ�35.+(ŀ 6-2-21d, 
e�̛ 6-2-12)�AFMƴʇå�J�5NF3 6NFPĔý%L 392�5�.+�#�#5�J�5NFseed

8ɫċ6I.1 6NF 8ƴǖ�̘ͨ#+ 3�J˺�L3�v���r_͍ùţc����(6NF-
5NF-6NF)8ƴǖ�ʸĸ"ML� 
� #�#5�J�Ȩʰˇ2F-�1�L͍ùţΝīÎ9ΥîȠ˨īǋ8ùţΎʧ¶Ðʔ�Jƴǖ"

ML 3�J�v���r_ȾͦÎ8ƴǖ69�/8ʛĺ�ɍL�F#F����`͍ùţ;ī8

ͣ¨6x|�RU~��ǟM1#B.+J�ǟM+x|�RU~��J9Ȇ+5;īɣǋɼ�ƴǖ
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"ML 335L�)#1�Ȇ+6ƴǖ"M+;īɣǋɼ�Ȇ#�˄3#1Ʉ˾#�͍ùţ;īP

΍š"'1#B��#+�.1�ùţ 53ùţ 68άƢ�~�~�65.1#B����r_Ⱦͦ
295�5.1#B�� 
 

 
5 ąüāüāāý÷øģùąĘĚ Ř�"ŗ�ł ĄĄć÷İį Ř0�RŘ:%÷ øĤù.ŷŪųƠŗŃŁœÆ�Ŋţŏ&�oéŀŏšŘ ĄĄć÷

İį Ř0�R:%÷

 
� ) 2����`͍ùţ;ī8;īͬ˃Pİģi�_v�ŕē6IL͞…P̘� 32�6NF-
5NF-6NF 8ƴǖP̰Õ#+�5NFseed 6ź#1ĬÎ˅8 6NP Pɫċ#+3 N�6NP 9%�"B
6NF>ùē#+�ƿJM+ɳɧ3ĬÎ˅8 6NPPòƥċ�+3 N�ùē�ò=΍š"M+(ŀ 6-
2-22a)� 8ǸÐP 5ļ˵K͜#�)M*M8;īüͥƥPİêƥ8ȓΎŕē(-dAbs./dt)3#1˒ø
#+�)8˨ȴ�˒ø"M+;īüͥƥ9eU_�ɐ6ėù8ř�"6ɬƀ#1�+(ŀ 6-2-22b)�
 8˨ȴ9�5ļ8˵K͜#ɯů8Ύ2e���6įBMLx|�RU~�8Ȩȁ6ŕē�5� 
3Pʸ#1�L�%5O-�ɲŪůʇǓ8 6NP6ź#1 5NFseedPɫċ%L 32�6NF8Ê΋9
ɫċ#+˄8ȧˋ�J8C̘ͨ#1�L 3�ȐJ�35.+�Â¡�J�6NP 6ź#1 5NFseed

Pɫċ%L 32ƴǖ#+x|�RU~���v���r_͍ùţc����(6NF-5NF-6NF)2�
L 3�̯Ȑ"M+� 

 
 

Ã ąüāüĀāý÷ ƇƊƐŧŪƌƥŘçŊ÷

 
 "46+�(Ln) 

(nm) 
�8465%(Lw) 

(nm) 
'3�, 

(PDI) 
5NFseed 170 190 1.1 

6NF-5NF-6NF 
([5NFseed]:[6NP]=1:5) 

870 1020 1.2 
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ąüāüĂüāýā ��ƑƢƂųƇƊŹƥƅŘ�Ä÷

� ɲŪůʇǓ8 7NPF#�9 5NP6ź#1ùţ 68x|g�v(6NS)P˄3#1ɫċ#�ùēP̵
ž%L 3�ħ˾2�L�ùêŧʠǜɟ�I= AFM�J̰Õ#+�5��˄ 3#1ɫċ#+ 6NSseed

9�é6̫#+ȇɟ3Ĭȿ6 6NS 8�q�g_��]e�ɳɧ6͍ΨɠʀŽP̘� 32Ðǖ#
+� 

 

 
5 ąüāüāĂý÷ øģùąĘĜĴħħĦ�"ŗ�ł0+ŻƕųƅƠ:%øġąĘĜĴħħĦĢúġĆĘĚĢċĄÿ÷µėĿ÷ ġąĘĜĴħħĦĢĉġĆĘĚĢċĀĉĄĿāĈć÷ ĕĿgbÛ

Rĉ÷ăÿÿ÷ĳýĲýįýù÷øĤùąĘĜĴħħĦ�"ŗ�ł0�RŘoé:%øλ ċ÷ĄĄÿ÷İįù÷øĥüĦùČĐė V��÷ øĒęĚđ 7vĿŻŵƥƠƌƥĉ÷
ăÿÿ÷İįù÷øĥùąĘĜĴħħĦ÷øĦùąĘĜüĆĘĜ÷øħùîªŗêōŢ²ÊRj5÷ øöĉ÷ąĘĜüĆĘĜù÷

 
� 9$E6�ùţ 6 3ùţπPF-�+�t�ùţΎ8x|g�v>8ùē̵ž6/�1ȹ̪#
+�ɲŪůʇǓ8 7NP6ź#1 6NSseedPɫċ%L3�short-slipping J-ÇīÎ6ʆǃʠ5İģi�_
v�>ŕē#+(ŀ 6-2-23b)�550 nm8İêƥPȓΎ͔6ź#1��rv#+3 N� 6NSseed8ɫ

ċ3Ĭȓ6 short-slipping J-ÇīÎ>8ƴǓ͓ˁ�̘ͨ#1�L 3�ʸ"M+(ŀ 6-2-23c)�AFM̤
Ÿ�J�6NSseed8ɫċ6IL 7NP >8ùē9�x|g�v8Φ˅8ŒċPÉ� 3�ȐJ�35
.+(ŀ 6-2-23d, e�̛ 6-2-13)�AFMƴʇå�J�6NS3 7NSPĔý%L 392�5�.+��
ùţ 68C8Ŏī39ʚ5K�Ɋ5ƴ8x|g�v8ƴǖ�̤ɯ"M+�Â¡�J�7NP�J 7NS
>8ùē9�6NSseed8ɫċ6I.1Fÿ˚ħ˾2�L 3�ʸ"M+� 
� ɇ6�ùţ 53ùţ 6PF-�+�t�ùţΎ8x|g�v>8ùē̵ž6/�1ȹ̪#+�ɲ
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ŪůʇǓ8 5NP6ź#1 6NSseedPɫċ#+3 N�İģi�_v�ŕē9ì�̤ɯ"M5�.+

(ŀ 6-2-24)�ˍμˊ8˨ȴ�J�x|g�v8ƴǖ6S�]�Ɣ8΋"�;̠2�.+ 3P˺�
L3�x|g�v8ƴǖ9ùţȾͦ6I.1Ğŵ6ɘů"M1�L3˺�JML� 

 
 

Ã ąüāüĀĂý÷ ƇƊŹƥƅŘîª÷

 
 "46+�(An) 

(nm2) 
�8465%(Aw) 

(nm2) 
'3�, 

(PDI) 
6NSseed 8080 11400 1.41 

6NS-7NS 
([6NFseed]:[7NP]=1:5) 

48400 59700 1.23 

 
 
 
 

 
 

5 ąüāüāăý÷ øģùąĘĜĴħħĦ�"ŗ�ł0+ŻƕųƅƠ:%øġąĘĜĴħħĦĢúġĄĘĚĢċĄÿ÷µėĿ÷ ġąĘĜĴħħĦĢĉġĄĘĚĢċĀĉĄĿāĈć÷ ĕĿgbÛ

Rĉ÷ăÿÿ÷ĳýĲýįýù÷øĤùąĘĜĴħħĦ�"ŗ�ł0�RŘoé:%øλ÷ċ÷ĄĄÿ÷İįù÷
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ąüāüăýÔ�@ë/	V`Ř´Öŗ�Aŋŏ�@ ą Řì@¢^Ñ÷

� ùţ 6 9�+.+�/8ùţ�J J-ÇīÎ8 0 ɇçx|˗ţ(6NP)�H-ÇīÎ8 1 ɇçx|�R
U~�(6NF)�short-slipping J-ÇīÎ8 2 ɇçx|g�v(6NS)3�.+ùţ8Ν˅ȿƬ3ɇçǋ8
ʚ5L 3/8͍ùţΝīÎPƴǖ%L 3�ħ˾2�L�#+�.1�Ĭ�8ùţ2�.1F��
�T��̵žÎ8Ν˅ȿƬ8ͮ�6I.1�)M*M8͍ùţΝīÎ2ʚ5L΢ţʠǋ͊PȠ%L

 3�²ǐ"ML�) 2�ê΢ţģ΀ùêɟ(PSY)6ILUZ�ē�t�g��8ɯů��I=�
�U_�ɠ̵΢ǳŝɯů(Flash-Photolysis Time-Resolved Microwave Conductivity: FP-TRMC)406IL

ͬɭ΢ɓÈžƥ8ɯůP̘.+�)8˨ȴ�6NP�6NS�6NF 9�Ĭ$ùţ�Jƴǖ"M1�L6
FΏOJ&�)M*Mʚ5LUZ�ē�t�g���I=êÈžƥPʸ% 3�ȐJ�35.+

(ŀ 6-2-25�̛ 6-2-14)� MJ8˨ȴ9�X{�^���wia��PȐJ�6%L 32�)M
6Ō0�+͍ùţΝīÎ8θɇȾͦGɄ˾8ÿ˚�ħ˾35L 3PȐʸ#1�L� 
 
 

 
5 ąüāüāĄý÷ �@ ą ŘŪŮƣ%ƗƃƣŹƝƠøLùŃşŚÞ�ì��IRø-ù÷

 
 

Ã ąüāüĀăý÷ �@ ą ŘŪŮƣ%ƗƃƣŹƝƠŃşŚÞ�ì��IR÷

 
 UZ�ē�t�g�� 

(eV) 
ͬɭ΢ɓÈžƥ 

(cm2 V(1 s(1) 
6NP -5.24 ���
10-6 
6NS -5.33 	��
10-6 
6NF -5.24 ���
10-5 

 
�  
 

 
 

 
  

Photoconductivity 
( 10

–5 cm
2 V

–1 s
–1)

0

3.0

–5.2

–5.5
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eV
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4.0
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ąüĂýµÎ÷

� Ȩˊ29�ˍμˊ2ȐJ�3#+ùţ 53ùţ 68X{�^���wia��Pò˺#�ɲŪů
ʇǓ6�L͍ùţΝīÎ�J̞ȁ8ʚ5L͍ùţΝīÎ>ȓΎʞƆʠ6ùē%L͍ùţgit�

8Ⱦ˔3)8ͥƥ̻ʠÿ˚P̱C+�)8˨ȴ�ɲŪůʇǓ6�Lùţ 68x|˗ţ�ȓΎ8ɤM
8¨2̞ȁ8x|ȾͦÎ>3ùē%Lʋ́Pʞ̡#+�͍ùţΝīÎ8ùēʋ́9�ɄȷʠĀɸF

#�9˄8ɫċ6I.1̵žħ˾2�L�%5O-�x|˗ţ6ź#1ǶǤP̘�3x|g�v>�

͍ΨɠʀŽP̘�3x|�RU~�>ùēP̵ž%L 3�ħ˾2�.+�B+�˄6ILùē8

̵ž29�͍ ùţΝīÎ8eUjPÿ˚ħ˾5 1ɇç�I= 2ɇç8���`͍ùţ;ī6ǖĊ#
+�̅Ĳɨ� 36�x|˗ţ�x|�RU~��x|g�v8μ˄ΰ8͍ùţΝīÎ9Ĭ�8ù

ţ�Jƴǖ"M1�L6FΏOJ&�΢ţʠǋ͊�ʚ5L 3�ʸ"M+� MJ8˨ȴ9�͍ù

ţΝīÎ8X{�^���wia��6Ō0�ͥƥ̻ʠ5ÿ˚6I.1�ăÓ85����2͍ù

ţΝīÎ8Ⱦͦ3Ʉ˾Pÿ˚%L 3�ħ˾2�L 3PȐʸ#1�L 7,8�B+�x|�RU~�

Gx|g�v8ƴǖ�ȵƴǖ-ǖ΋PÉ� 3�J˺�L3�͍ ùţΝīÎ8ùēʋ́9�˨ ȗē6

��L˨ȗŗƴ8ƴǖ3FΰË#1�L 41� 8 39�Ȧ,–6ĒBM+˨ȗŗƴ8ʍ̦6Fʸ

ĸP¤�L 3�Ȥƻ"M�ơ�ʰˇέŉ6U��_vP¤�Lǖȴ3̨�L,N�� 
 
 
 
 
 
 

 

5 ąüĂüĀý÷ t¬Řz]5÷
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G
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ąüăýEó÷

÷

ąüăüĀýÔï��HŗşŢ©ŘÍk÷

� x|�RU~��I=x|g�v8˄9)M*M͍ΨɠʀŽP̘� 32Ðǖ#+�Â¢6)M

*M8˄8̺ȂȇɟP̫͖%L� 
 
ąüăüĀüĀýÔï��HŗşŢƇƊƐŧŪƌƥŘ©Ík÷

� x|�RU~�8˄�6NFseed	9�6NP8�q�g_��]e�ɳɧ(3 mL, 50 µM)6ź#1 5 ˚C
2 3 ȓΎ͍ΨɠʀŽP̘� 32̺Ȃ#+�6NP �J 6NF >8ƴǓ͓ˁ9ȁù8̵žȤ88-6
̘ͨ#+�6NF8ƴǖ�ʴ̳"M1�JF΋ȓΎÍɮ2͍ΨɠʀŽP̘� 32�΋"�ʮ��/
ɑ͕ʠ΋"ùƘ8ſ"� 6NFseedPÐǖ%L 3�2�+(ŀ 6-2-8�̛ 6-2-5)� 
�

ąüăüĀüāýÔï��HŗşŢƇƊŹƥƅŘ©Ík÷

� x|g�v8˄�6NSseed	9�6NS8�q�g_��]e�ɳɧ(0.96 mL, 50 µM)6ź#1 20 ̊ C2
20 ùΎ�ˆG�6͍ΨɠʀŽP̘� 32̺Ȃ#+� 8ȬÄ6��1�͍ΨɠʀŽ6É� 6NF
8ƴǖ9ì�ʴ̳"M5�.+(ŀ 6-2-12�̛ 6-2-7)� 
 
ąüăüāý.©�D÷

� ˡŖħ̣İģi�_v�ɯů69 JASCO V-6306 JASCO ETCL-761ɮƥħŕɯůʔk���p
�PĤKÀ�1Òʔ#+�AFM̤Ÿ69 Bruker model MaltiMode 8(Scan Assist mode)PÒʔ#+� 
 
ąüăüāüĀý�R,:0+ŻƕųƅƠ�D÷

� ɮƥħŕİģi�_v�ɯů69�i_���]�r�À�ʯ̋k�(0.1 cm)PF-�+�ċʁ
ͥƥ9 1 ˚C min-12̘.+� 
 
ąüăüāüāý0+ŻƕųƅƠ:%ŗşŢ©á/ŘÚÕEó÷

� ˄;ī8͞…Űζ69�i_���]�r�À�ʯ̋k�(1.0 cm)PF-�+�k���p�8
ɮƥP 298 K�ɯůɠ΋P 630-520 nm6̬ů#�20 ʽeU_�2ɯůP̘.+� 
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ąüăüĂý�ì@+â���øĚĜĠùŗşŢŪŮƣ%ƗƃƣŹƝƠŘ�Dµx÷

�

 
 

5 ąüăüĀý�ì@+â���øĚĜĠùŗşŢŪŮƣ%ƗƃƣŹƝƠŘ�Dµx÷ øģùąĘĚ÷øĤùąĘĜ÷øĥùąĘĐ÷

 
 

ąüăüăý÷ĐĚüĝěėč ŗşŢÞ�ì��IRŘ�Dµx÷

� ���T��̵žÎ8űɮ6��L΢͙̍͟ʆǋP�U_�ɠ̵΢ǳŝ(Flash-Photolysis Time-
Resolved Microwave Conductivity: FP-TRMC)40ɯůPF-�1̰Õ#+�ɯů6F-�+Ņ�5�

T��9�ʯ̋Ȱ6 6NP, 6NF, 6NS8�q�g_��]e�ɳɧPw�r�]�iv%L 32
Ðǖ#+� 
 

 

 
5 ąüăüāý÷ĐĚüĝěėč ŗşŢÞ�ì��IRŘ�DµxøƏƣųùąĘĚ÷øŮơƣźùąĘĜ÷ø·ùąĘĐ÷ ÷
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� Ȩ̻ȃ29�ɲŪůʇǓ�JȓΎʞƆ%L͍ùţΝīÎ8ć̝3)8ͥƥ̻ʠÿ˚Pʥǧ#+�

Â¢6�Īˊ2ƿJM+ǖȴPB3EL� 
 
 
� ˍλˊ�Jˍνˊ6��19�ùţȾͦ3X{�^���wia��8ʧΏ�I=ȓΎʞƆʋ́

8�[yj�̦ȐP̹ή3#+� 
 
� ˍλˊ29����T��̵žÎ8ùţȾͦP˛˪ʠ6ħŕ%L 32�ùţȾͦ3̂ƕΝī6

��LX{�^���wia��8ʧΏPȐJ�3#+�ùţĬŔ�&M1Ν˅#+ȾͦPǦ/ J-
ÇīÎx|˗ţ8ʁĉŧʠŪůǋ9�˶ǱŌ8ř�"6ƷΩ"M5��#�#5�J�ùţĬŔ�

face-to-face 6Ν˅#+ H-ÇīÎx|�RU~�Ŏī�ˉÎΚŲPʹ�L 3�2�&�ʁĉŧʠ
Ūůǋ9˶ǱŌ8ř�"6ƷΩ"ML�%5O-�ùţȾͦ8ͮ�9�͍ùţΝīÎ8Ν˅ȿƬ6

Ō0��X{�^���wia��6ĢȒ"ML 3�ʸ"M+�B+�îΝīÎƴǖPþʔ#%

L 32�͍ùţΝīÎ8ȓΎʞƆʋ́P��`��%L 36ǖĊ#+� 
 
� ˍμˊ29����T��̵žÎ8ùţȾͦ8ã�5ͮ��͍ùţΝīÎ8ćʞʠ5ȓΎʞƆʋ

́8ƭ�΁35L 3PȐJ�6#+�ʚ5L΋"8S�]�ΈPF/ùţ 4-7Pīǖ#��q�
g_��]e�¨6��L)M*M8̂ƕΝīǨďP̰Õ#+�)8˨ȴ��q��Έ+.+ 1/
ù8ͮ���J-ÇīÎx|˗ţ8ȓΎʞƆʋ́6ƷΩ#�ì�ʚ5L͍ùţΝīÎ�ćʞ"MLʋ
́�̤ɯ"M+�ùţ 4, 5 8x|˗ţ9��|��>8̦ΟP˧ʖ#1 H-ÇīÎx|�RU~�
>ƴǓ͓ˁ%L��ȇ�ùţ 6, 78x|˗ţ9�short-slippig J-ÇīÎ>8ò͹ĮPÉ� 2ɇç8x
|g�v>ƴǓ͓ˁ%L 3�ʴ�EJM+�Ǘ�8ia���J˺�L3ã�3Fǉ�LùţȾ

ͦ8ͮ�6I.1�ȓΎʞƆʋ́8˧͑�΄ǽ6úKȝ�JML 3�ȐJ�35.+� 
 
� ˍνˊ29�ùţȾͦ8ͮ�� 2 ɇçx|g�vƴǖ6ĠA%ͥƥ̻ʠ5ƷΩ6/�1ȹ̪#
+�)8˨ȴ�ùţȾͦ8ã�5ͮ� (-CH2-CH3, -CH=CH2, -C≡CH)��ɲŪůʇǓ8x|˗ţ�J
x|g�v>8ȓΎʞƆʋ́6ί̒5ͮ�PĠA% 3�ȐJ�35.+�F-W�u�PF-�1
͍ùţΝīÎ8ȓΎʞƆʋ́Pͥƥ̻ʠ6̦ȱ#+3 N�ùţȾͦ8ͮ�9©6ȵƴǖͬ˃6Ʒ

ΩPĠA% 3�ʸ"M+�̅Ĳɨ� 36�x|g�v8Φ˅9�ʁĉŧʠŪůǋ295�ͥƥ

̻ʠ6ɘů"ML 3�ʸ"M+� 
 
 
� ˍξˊ�ˍοˊ6��19�X{�^���wia��6Ō0�͍ùţΝīÎƴǖ8ͥƥ̻ʠÿ

˚P̹ή3#+� 
 
� ˍξˊ29�ˍλˊ2̡ø#+͍ùţΝīÎ8ȓΎʞƆ��`��6ʪʥ#�͍ùţΝīÎ8ͥ

ƥ̻ʠÿ˚P̱C+�ęʈ29̵žȤPÉO&6̂ƕΝī#1#B�ùţ 96ź#1�ùţ 26I
LȓΎʞƆ��`��P̘.+�)8˨ȴ�ùţ 23ùţ 98îΝīÎ8ƴǖ�ͥƥ̻ʠ5v�r
�3#1Ʉ˾%L 32�ùţ 98̂ƕΝīͬ˃6̵žȤ�ćø"M+�"J6�ùţ 98x|�
RU~�P˄3#1îΝīÎ6ɫċ%L 32����`͍ùţ;ī6ǖĊ#+� 
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� ˍοˊ29�ùţ 53ùţ 68ùţȾͦ8ΰËǋ6ʪʥ#�ùţ 68x|˗ţ� 2ɇçx|g�
v3 1ɇçx|�RU~�84-J6F�ùē�2�L˾ĉPʾE+͍ùţΝīÎ2�L3Ã̷P
ˉ1+�ǶǤ3͍ΨɠʀŽ3��ɄȷʠĀɸͳǠ6I.1�ùţ 68x|˗ţ�ȓΎʞƆʠ6ùē
2�L 3P̯Ȑ#+�%5O-�ǶǤȬÄ¢29x|g�v�ƴǖ"M+��͍ΨɠʀŽȬÄ2

9x|�RU~�8C�ƴǖ"M+�ΥƜ6̅Ĳɨ� 36�x|g�v8ƴǖ3x|�RU~�

8ƴǖ9�Ĭȓ69͌ J&�ʃ�ȇ8C>3ƴǓ͓ˁ#+� M9�4-J8ƴǓ͓ˁF̂ƕ̧

Ţʠ6ƴǖ"ML+E2�L�"J6�x|�RU~�3x|g�vP˄3#1F-�L 32�

+.+ 1˄ΰ8ùţ2 1ɇç3 2ɇç8���`͍ùţ;ī6ǖĊ#+�"J6�ùţ 68x|˗
ţ�x|g�v�x|�RU~�9Ĭ$ùţ�Jƴǖ"M1�L6F��OJ&�ʚ5L΢ţʠǋ

͊PȠ#1�L 3�ȐJ�35.+� MJ8˨ȴ9�X{�^���wia��6Ō0��͍

ùţΝīÎ8θɇȾͦ3Ʉ˾�ÿ˚ħ˾2�L 3PȐʸ#1�L� 
 

 

 
N ��	��VaTFU(+`F&(WS�

 
� Ȩ̻ȃ29�ʒĴùţgit�3¼Ƒ͍ùţgit�8Ύ6ťŃ%Lř�5Θ+K8ĝĽ3#1�

)8�/3˺�JMLȓΎ͔8Ƞɽ6ʪʥ#�ͥ ƥ̻ʠ6ƴǖ"ML͍ùţΝīÎ6Ώ#1ʰˇP

̘.+�ēŧ˻� MB2˔�¡�1�+ʁĉŧʠ5ʭ̡3ͥƥ̻ʠ5Ȇ+5ʭ̡PX{�^��

�wia��6IK�/6˳� 32� MB26ăÓ85����2ùţ8̂ƕΝīPͥƥ̻ʠ

6ÿ˚ħ˾65.+�Ȩ̻ȃ8ǖȴ�J˺�L3�ʁĉŧ3ͥƥ̻P/5�X{�^���wia

��8Ƚǈ9�½ƽ�͍ùţēŧ˻6ǅ̠£ħɆ5F835L 3�²ǐ"ML� 
�  MB2�ēŧ˻8γ�5�ǬˇǄ6I.1�ȿ�5ȾͦGɄ˾PF/͍ùţΝīÎ�ć̝"M

1�+�Ȩ̻ȃ2͝?+I�6�ȓΎ͔PĤKëM+͍ùţΝīÎ69�ʁĉŧǹ͹¢29̡JM

5�̞Ξ5ȓΎʞƆGƴǓ͓ˁ54̅Ĳɨ�ʋ́�ćʞ"ML�B+�)MJPǇʔ#+͍ùţΝ

īÎƴǖ8ͥƥ̻ʠÿ˚9�̂ƕΝī�̂ƕ˦˴ē6Ō0�Ȇ̢ȪȄ΍ʞGx|t_|�h�6Ȇ
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